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The objective of this study was to determine the effectiveness of Tire Derived 
Aggregate (TDA) as embankment and retaining wall backfill material using data from 
two field projects supplemented by data from previously published studies.  Data 
collected from the two projects included horizontal earth pressure, resultant forces and 
moments acting in the wall stem, tensile and compressive forces within the wall, 
moments at the base of the wall, settlement of the TDA, time dependent temperature 
fluctuations within TDA, pore pressure changes in underlying foundation soil, movement 
of the wall face, and movement of the embankment.  Data Collection was completed by 
instrumenting two separate projects: Limestone Run Bridge, consisting of a single span, 
simply supported bridge over Limestone Run, and the two adjoining approach fills, on 
Tarrtown Road State Route 4023, in Tarrtown, Pennsylvania; and retaining Wall 119, 
 consisting of a reinforced concrete cantilever retaining wall structure with backfill, 
overlaid by an additional roadway earth embankment, on Route 91, in Riverside, 
California. 
The scope of the project covered by this thesis was limited to analysis and 
interpretation of data provided by Apex Companies, LLC, GeoInstruments, Inc. (the 
instrumentation supplier for the Tarrtown project), the Pennsylvania Department of 
Transportation, and by the California Integrated Waste Management Board.   
Based on the analysis of data completed, horizontal stresses for TDA material can 
be estimated at approximately 30 to 50% vertical overburden pressure.  For at-rest 
conditions and vertical stresses less than 40 kPa (835 lb/ft2) an earth pressure coefficient 
(K) value for TDA fill of 0.5 appears reasonable.  For vertical stresses greater than 40 
kPa (835 lb/ft2) a K value for TDA fill of 0.33 would be reasonable.  Based on strain gage 
results at the Riverside project site, forces and moments developed in a retaining wall are 
less, at similar wall heights, with TDA backfill than with conventional soil backfill.   
Tilt meters located on the Riverside wall faces showed enough outward wall 
movement (0.019H to 0.030H) with H being the wall height, to develop fully active 
conditions on the wall face based on previous conclusions by Tweedie, et al. (1997) that 
an active condition occurs with TDA backfill when wall movements exceed 0.01H. 
Based on strain gage results at the Riverside project site, forces and moments 
developed in a retaining wall are less, at similar wall heights, with TDA backfill than 
with conventional soil backfill, agreeing with previous TDA resultant force and moment 
conclusions established by Tweedie, et al. (1997) and Humphrey, et al. (2000).   
 Measured compression of the TDA layers at the Tarrtown project agreed with 
values expected from the design chart created by Humphrey (2005).  Settlements also 
compare well with those from previous projects in Maine and New York.  Most 
compression of the TDA layers occurred immediately upon placement of overburden 
material and ranged from 3% to 18%, with the higher values corresponding to higher 
overburden pressures.   
Additionally, during the data collection period, no self-heating, no long term wall 
pressure increases, and low long term compression of TDA layers occurred. 
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CHAPTER 1 
INTRODUCTION 
1.1 Background 
 Tire derived aggregate (TDA), also known as tire shreds, or tire chips, has been 
used in many civil engineering applications.  TDA is one of several ways scrap tires are 
recycled, and in 2006 was second on the list of yearly scrap tire consumption nationwide, 
behind tire derived fuel (TDF).  Previous work on the use of TDA as retaining wall 
backfill was completed by Humphrey, et al. (1992), Tweedie, et al. (1997) and Cosgrove, 
et al. (1999).  This project continues this research.  Humphrey, et al. (1992) performed a 
laboratory investigation to determine the engineering properties of TDA relative to its use 
as backfill for retaining walls.  Tweedie, et al. (1997) developed a full scale retaining wall 
test facility capable of measuring backfill at both at-rest and active conditions.  Backfills 
tested included granular soil as a control and TDA from three different suppliers.  Tests 
were performed with surcharges ranging from 0 to 35 kPa (0 to 750 lb/ft2).  
Instrumentation measured the horizontal and vertical forces on the wall face, and 
horizontal stress produced by the backfill on the wall, as well as interface shear, 
settlement, and horizontal displacement within the backfill.  Cosgrove, et al. (1999) 
instrumented two field sites in which TDA was used as backfill behind abutment walls of 
a rigid frame bridge and behind a pile supported bridge abutment. 
 Tweedie, et al. (1997) concluded that use of TDA as backfill for retaining walls is 
a feasible and beneficial use for scrap tires.  The research also found that TDA backfill 
produces a smaller vertical stress than conventional soil backfill creating the potential for 
 2 
less settlement of compressible foundation soils as well as less horizontal stress acting on 
the wall. This has the potential to allow for a thinner, more economical retaining wall 
design.  Cosgrove, et al. (1999) concluded that lateral earth pressures measured in TDA 
were less than expected for active conditions if complete soil backfill was used.  No 
detrimental self-heating of the TDA layer was found and pavement performance was the 
same as that with conventional soil backfill.  
Since 1990 the amount of scrap tires used for civil engineering applications has 
increased along with TDF and ground rubber uses.  From 2003 to 2006 scrap tires used in 
civil engineering applications increased nearly 6% (RMA, 2006) although use has 
decreased in more recent years, but is counterbalanced by increased demand for scrap 
tires processed into crumb rubber.   This trend may point to an increased realization of 
the functionality of TDA in civil engineering applications.   A more complete 
understanding of the behavior of TDA as lightweight retaining wall backfill is crucial in 
the continuing increased use of TDA.   
1.2 Scope of Study 
This study is a continuation of three previous studies, titled: “Tire Chips as 
Lightweight Backfill for Retaining Walls-Phase I” (Humphrey, et al. 1992), “Full Scale 
Trial of Tire Chips as Lightweight Backfill for Retaining Walls” (Tweedie, et al. 1997) 
and “Monitoring Program for Two Tire Shred Fills on the Topsham-Brunswick Bypass 
Project – Construction Report” (Cosgrove, et al. (1999).   
The objective of this study is to determine the effectiveness of TDA as 
embankment and backfill material using data from previous projects as well as two 
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additional projects.  Data from the two additional field projects includes horizontal earth 
pressure, resultant forces and moments acting in the wall stem, tensile and compressive 
forces within the wall, moments at the base of the wall, settlement of the TDA, time 
dependent temperature fluctuations within TDA, pore pressure changes in underlying 
foundation soil, movement of the wall face, and movement of the embankment.  This was 
done by instrumenting two separate projects: Limestone Run Bridge in Tarrtown, 
Pennsylvania, and Wall 119 in Riverside, California.   
Limestone Run Bridge is located near Tarrtown, Pennsylvania on Tarrtown Road, 
State Route 4023.  The project was instrumented with the following: pressure cells 
located on each abutment wall, settlement plates and spider magnets within both 
embankments, inclinometers also within the embankments, thermistors in the TDA 
layers, and piezometers in the foundation soil under both embankments.  Thermistors 
were also integral with pressure cells and piezometers.  TDA was placed within both 
approach embankments and against both abutments.  The scope of the project covered by 
this thesis was limited to analysis and interpretation of data provided by Apex 
Companies, LLC, GeoInstruments, Inc. (the instrumentation supplier for the project), and 
the Pennsylvania Department of Transportation.  The analysis includes: analysis of the 
data for consistency, data compilation, processing, and verification that the conversion 
from the raw instrument readings was correct. 
Wall 119 is located in Riverside, California adjacent to California, Route 91.  The 
wall is a conventional reinforced concrete cantilever retaining wall. The project was 
instrumented with the following: pressure cells located on the back face of the wall, strain 
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gages on the retaining wall reinforcing rebar, tilt meters on the wall face, and thermistors 
in the TDA layer.  Four separate test sections were instrumented, three with TDA backfill 
and the fourth with conventional soil backfill as a control section.  As with Tarrtown, PA, 
the scope of the project covered by this thesis was limited to analysis and interpretation 
of raw data provided by the California Integrated Waste Management Board.  The 
analysis includes: analysis of the data for consistency, data compilation, processing, and 
verification that the conversion from the raw instrument readings was correct. 
Results of the study will help further determine the effectiveness of TDA fill 
material as alternative and effective lightweight backfill and embankment material.    
1.3 Organization of the Thesis 
Seventeen chapters are contained within this thesis, along with one appendix.  
Chapter 2 is a literature review covering previous research of TDA as lightweight backfill 
for retaining structures along with supporting research and information.   The subsequent 
chapters are separated by project as outlined below.  
1.3.1 Tarrtown Project 
This section is organized with Chapter 3 presenting an introduction to the project 
along with instrumentation and layouts.  Chapters 4 through 8 present the results from 
each type of instrument; pressure cells, settlement plates, piezometers, inclinometers, and 
thermistors, respectively.  Chapter 9 discusses the analysis of these results along with 
supporting tables and figures.   
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1.3.2 California Project 
This section is organized with Chapter 10 presenting an introduction to the project 
along with instrumentation and layouts.  Chapters 11 through 14 present the results from 
each type of instrumentation; pressure cells, settlement plates, piezometers, 
inclinometers, and thermistors, respectively.  Chapter 15 discusses the analysis of these 
results along with supporting tables and figures.   
1.3.3 Analysis and Conclusions 
The analysis and conclusions are organized with a comparative analysis presented 
in Chapter 16, and the summary, conclusions, and recommendations presented in Chapter 
17.   
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Introduction 
This chapter reviews published literature related to reuse of scrap tires with a 
particular focus on tire derived aggregate (TDA) and its use as a lightweight backfill for 
retaining structures.  
In retaining wall design it is advantageous to reduce lateral earth pressure on a 
wall using lightweight material.  Lightweight backfill also reduces the vertical stress 
which has the potential to increase global stability and reduce settlement (Tweedie, 
1997).  Environmentally it is advantageous to recycle and reuse tires instead of landfilling 
or stockpiling.  This reduces demand on landfill space.  Moreover, elimination of 
stockpiled tires reduces breeding habitat for mosquitoes and the fire hazard caused by 
stockpiled tires. The culmination of these factors is the reason behind this research.  
Scrap tires have become a problem in many parts of the nation.  With nearly 300 
million automobile, truck and specialty tires discarded each year, disposal becomes very 
expensive.  Some tires end up in landfills or scrap tire piles, where they remain.  
Stockpiled tires also pose an environmental threat as well as a threat of combustion, as 
happened in Toronto, Ontario in February 1990, causing a major environmental disaster 
(Cecich, 1996).        
 7 
2.2 Whole Tires 
2.1.1 Properties 
The average light duty passenger car tire weighs 10 kg (22.5 lbs), while heavy 
truck tires can weigh 50 kg (110 lbs) (RMA, 2005), Figure 2.1.  Almost all tires produced 
today are steel belt radials; this has been the case since 1983.  Of the tires discarded 85% 
are passenger car tires, 14% are heavy truck tires, and the remaining 1% are specialty 
tires (Cecich, 1996).   
 
Figure 2.1 Average scrap tire weight calculations for the U.S. market (RMA, 2006) 
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2.1.2 Disposal 
The percent of scrap tires generated in a year that were reused has increased 
steadily over the last decade and reached 87% reuse in 2005 as shown in Figure 2.2. 
 
Figure 2.2 Scrap tire management trends 1990-2005 (RMA, 2006) 
 
 In 1994, the Scrap Tire Management Council conducted a survey of all state scrap 
tire regulators and estimated that there were approximately 800 million scrap tires in 
stockpiles (RMA, 2002).  As of 2000 that number had been reduced to 300 million tires 
through aggressive stockpile abatement programs, better accounting/accessing of actual 
tire numbers, and tire fires that destroyed existing stockpiles (RMA, 2002).   This trend 
can be seen in Figure 2.3. 
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Figure 2.3 Millions of scrap tires remaining in U.S. stockpiles, 1990-2005 (RMA, 2006) 
  
2.1.3 Recycling  
Some of the current tire recycling or reuse practices include: tire derived fuel; tire 
derived aggregate used for lightweight embankment fill, retaining wall backfill, thermal 
insulation, vibration damping layers beneath rail lines, and drainage medium for landfills 
and roads; ground rubber used for rubber modified asphalt and as an additive in 
manufactured products; whole or cut tires used for erosion protection, road base 
stabilization, retaining wall construction, highway crash barriers, breakwaters, or 
artificial reefs; protective barriers for seedlings (rubber mulch); and tire retreading.  Of 
these reuse practices, tire derived fuel consumed the largest portion of reused tires with 
nearly 155 million tires consumed in 2005, which is 52% of total reuse (RMA, 2006). 
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Civil engineering applications consumed 49 million scrap tires (nearly 16% of total 
reuse) in the same year (RMA, 2006).  The distribution of the applications for reuse of 
tires can be seen in Figure 2.4. Despite the increasing reuse of scrap tires, tire reuse each 
year was still less than the yearly scrap tire production.  Of the tires that are not recycled, 
two options remain: landfilling and stockpiling. Whole tires tend to “float” to the surface 
of landfills after being buried, so tires are generally shredded prior to landfilling.  Some 
tires are sent to privately owned yards where they are piled and left.  As of 2006 most 
states had enacted laws prohibiting this, with Colorado, Texas, Pennsylvania, New York, 
Connecticut, Alabama, and Michigan being the only states without laws prohibiting 
stockpiling of tires. 
 
Figure 2.4 Scrap tire reuse, in millions of tires (RMA, 2006)     
 
 Since 1990 the amount of scrap tires used for civil engineering applications has 
increased along with tire derived fuel and ground rubber uses.  From 2003 to 2006 scrap 
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tires used in civil engineering applications increased nearly 6% (RMA, 2006).   This 
trend may point to an increase in a realization of the functionality of tires in civil 
engineering applications.  The trend of scrap tire uses can be seen in Figure 2.5. 
 
Figure 2.5 U.S. scrap tire market trends (RMA, 2006)  
 
2.2 Shredded Tires 
2.2.1 Properties  
Tire derived aggregate (TDA), also known as tire chips or tire shreds, are pieces 
of scrap tires that have a basic geometrical shape and are generally between 12 and 305 
mm in size and are intended for use in civil engineering applications (ASTM D6270-08). 
TDA is categorized into two size ranges in accordance with the specifications set forth in 
ASTM D6270-08.  The specified size ranges are termed; Type A, suitable for many 
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drainage, vibration damping, and insulation applications, and Type B, suitable for use as 
a lightweight embankment fill, wall backfill, and some landfill drainage and gas 
collection applications.  TDA possesses some distinct advantages over conventional soil 
fill.  These include unit weights 1/3 to 1/2 that of typical soil, permeability approximately 
10 times higher than well graded granular soil, and much better insulation properties. 
2.2.1.1 Gradation 
Type A TDA has a maximum dimension measured in any direction, of 200 mm (8 
in).  In addition Type A TDA is required to have the following square mesh sieve passage 
rates; (1) 100% passing 100-mm (4-in), (2) a minimum of 95% passing (by weight) 75-
mm (3-in), (3) a maximum of 50% passing (by weight) 38-mm (1.5-in), and (4) a 
maximum of 5% passing (by weight) 4.75-mm (No. 4) (ASTM D-6270-08).  
Type B TDA has a minimum of 90% (by weight) with a maximum dimension, 
measured in any direction, of 300 mm (12 in) and 100% with a maximum dimension in 
any direction, of 450 mm (18 in).  At least one sidewall is required to be removed from 
the tread of each tire, evidenced by a complete severing of the bead wire from the side 
wall.  In addition Type B TDA is required to have the following square mesh sieve 
passage rates; (1) a minimum of 75% passing 200-mm (8-in), (2) a maximum of 50% 
passing (by weight) 75-mm (3-in), (3) a maximum of 25% passing (by weight) 38-mm 
(1.5-in), and (4) a maximum of 1% passing (by weight) 4.75-mm (No. 4) (ASTM D-
6270-08).  
Manion (1992) preformed gradation analyses on Type A TDA, for both steel and 
glass belted tires.  The results can be seen in Figure 2.6.  Gradation tests performed by 
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Humphrey, et al. (1992) on Type A TDA and summarized by Tweedie et al. (1997) show 
the differences in gradations between three different TDA suppliers (Figure 2.7). 
 
  
Figure 2.6 Gradation of tire derived aggregate for steel and glass belted tires (Manion, 
1992) 
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Figure 2.7 Gradation of tire derived aggregate for four suppliers (Tweedie, 1997) 
 
2.2.1.2 Unit Weight 
TDA has a low unit weight compared to typical soils, usually 1/3 to 1/2 the unit 
weight.  Typical unit weights of TDA range from 320 kg/m3 (20 lb/ft3) to 657 kg/m3 (41 
lb/ft3) depending on the size, content, and compaction technique.  Laboratory dry unit 
weights determined by Manion, et al. (1992) and other sources are summarized in Table 
2.1.   
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Table 2.1 Summary of laboratory dry densities of TDA (ASTM D6270-08) 
 
(3) Humphrey, D.N., and Manion, W.P., (1992) 
(4) Edil, T.B., and Bosscher, P.J., (1992) 
(5) Ahmed, I., (1993) 
(6) Ahmed, I., and Lovell, C.W., (1993)  
(32) Humphrey, D.N., Sandford, T.C., Cribbs, M.M., Gharegrat, H., and Manion, W.P., (1993) 
(33) Edil, T.B., and Bosscher, P.J., (1994) 
(35) Bressette, T., (1984) 
(36) Humphrey, D.N. and Sandford, T.C., (1993) 
(41) Manion, W.P., and Humphrey, D.N., (1992) 
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2.2.1.3 Specific Gravity 
The average specific gravity of 30-mm minus TDA was found to be 1.02 by one 
researcher Ahmed (1993).  In another case, the specific gravity was found to be 1.21 
(Winters, 1991).  The specific gravities found by Manion, et al. (1992) and other sources 
are summarized in Table 2.2.   
Table 2.2 Summary of specific gravities and water absorption capacity (ASTM D6270) 
Tire shred  Specific gravity  Water  Reference  
type  Bulk  Saturated 
surface 
dry  
Apparent  absorption 
capacity (%)  
   
Glass belted  ----  ----  1.14  3.8  Humphrey, et al. (1992)  
Glass belted  0.98  1.02  1.02  4  Manion & Humphrey (1992)  
Steel belted  1.06  1.01  1.10  4  Manion & Humphrey (1992)  
Mixture  1.06  1.16  1.18  9.5  Bressette (1984)  
Mixture  
(Pine State)  
----  ----  1.24  2  Humphrey, et al. (1992)  
Mixture 
(Palmer)  
----  ----  1.27  2  Humphrey, et al. (1992)  
Mixture 
(Sawyer)  
----  ----  1.23  4.3  Humphrey, et al. (1992)  
Mixture  1.01  1.05  1.05  4  Manion & Humphrey (1992)  
Mixture    ----  0.88 to 
1.13  
----  ----  Ahmed (1993)  
Procedures:  Specific gravity and absorption capacity are determined using the procedures given by ASTM 
C 127.  The weight of test samples can be half the value given by the standard because the specific gravity 
of TDA is less than half that of other soils. 
 
2.2.1.4 Compressibility & Settlement  
When testing the compressibility of TDA in the lab, conventional testing 
equipment does not work, since testing equipment is designed for smaller size particles 
than TDA, and small amounts of compression, and TDA is highly compressible.  
Manion, et al. (1992) designed and built a special apparatus to accommodate the high 
compressibility of TDA and to measure lateral stresses.  Using this specially designed 
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apparatus, three groups of tests were performed; compacted TDA only, compacted 
mixtures of 50% (by weight) 5-cm (2-in) minus MDOT type D gravel and TDA, and 
compacted mixtures of 25%, 50%, and 75% 2-cm (0.75 -in) minus gravel with TDA.   
 
Figure 2.8 Five initial loading vertical stress-strain curves for the TDA without gravel 
(Manion, 1992) 
 
Results of compacted TDA alone showed a high compressibility at low stresses, 
decreasing smoothly as stresses increased, as seen in Figure 2.8.  From these test results 
the coefficient of earth pressure at-rest (Ko), Poisson’s ratio (µ), and Young’s modulus 
(E) was determined.   
Average Ko  at less than 23 psi = 0.44 
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Poisson’s ratio (µ) at less than 23 psi = 0.30 
Averaged secant at 10% strain Young’s modulus (E) = 18.1 psi 
Edil, et al. (1990) completed preliminary compressibility testing using both a 6-in 
(15.2-cm). and 12-in (30.5-cm). diameter proctor mold with either a standard or a 
modified compactive effort.     
Tweedie, et al. (1997) installed settlement plates in a retaining wall field testing 
facility to determine the compression and settlement characteristics of TDA for at-rest 
conditions. Material from three different suppliers was placed, compacted, and then 
subjected to four different surcharge loads.  Laboratory tests were also performed by 
Humphrey, et al. (1992).  A comparison of the vertical strain (%) found from field testing 
versus laboratory testing is shown in Table 2.3.  The vertical strain predicted from lab 
testing was greater than measured in the field due to self-compression of the TDA 
beneath the plate prior to the initial reading thereby moving the average state of stress to 
a flatter portion of the compression curve. 
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Table 2.3 Measured and calculated change in strain from laboratory compressibility tests 
by Humphrey, et al. (1992) and settlement plates from Tweedie, et al (1997) 
 
 
2.2.1.5 Soil Settlement due to TDA 
The benefits of using TDA as fill becomes apparent when soil settlement is 
addressed.  Since the major benefit is the low unit weight, settlement of underlying soil 
should reflect this. In many cases, prior to the use of TDA the use of a lightweight 
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material was a costly option.  To establish the benefits of TDA as lightweight fill 
material, a consolidation and settlement analysis was performed by Manion, et al. (1992) 
in comparison to the use of typical granular fill.  These calculations were performed at 
three different heights of 3, 6, and 9 m (10, 20, and 30 ft) of road embankment section 
over three different thicknesses 3, 7.5, and 15 m (10, 25, and 50 ft) of existing native 
Maine peat or Presumpscot clay formation.  In total there were 36 cases, with and without 
TDA fill. The Presumpscot formation had an average unit weight of 1922 kg/m3 (120 
lb/ft3) and a Cc/(1+eo) of 0.149.  The engineering properties of the peat were taken to be a 
water content of 600% and an average total unit weight of 1073 kg/m3 (67 lb/ft3). 
Computed settlements of embankments both with and without TDA were 
compiled and can be seen in Figures 2.9 and 2.10.  Over the Presumpscot formation, 
settlements using TDA were reduced 26 to 42% from settlements without TDA.  For 
peat, similar (25 to 43%) reductions in settlement can be achieved (Manion, 1992).   
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Figure 2.9 Consolidation settlement on Presumpscot with and without TDA (Manion, 
1992) 
 
Figure 2.10 Consolidation settlement on peat with and without TDA (Manion, 1992) 
 22 
2.3 Retaining Walls 
There are two common conventional types of retaining walls: gravity retaining 
walls and cantilever retaining walls.  The latter are generally more economical and are 
therefore more commonly used.  Bridge abutments are often pile supported and have a 
thick stem to provide adequate bearing for the bridge beams.   
 2.3.1 Cantilever Wall Design 
Cantilever retaining walls consist of a thin vertical stem and a base slab, both 
composed of reinforced concrete.  A wall of this design is economical to a height of 8 m 
(28 ft) (Das, 2004).  To properly design a retaining wall an engineer must know the 
following backfill parameters: water table, friction angle, unit weight, and cohesion of 
material, if applicable.  Knowing this, an engineer can determine the design lateral 
pressure, and the structural design can then be undertaken.   Once the overall structural 
form has been established, it is examined as a whole for possible overturning, sliding, 
settlement, and bearing capacity failure.  From there reinforcement sizing and final 
strength checks can be performed.  Reducing the lateral stress on the wall allows for a 
more economical design using these calculation parameters. In addition to this, the 
insulating properties of TDA decrease frost penetration and the subsequent increased wall 
forces associated with frost, and their high permeability provides good drainage reducing 
or eliminating pore pressures on the wall.   
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2.4 Full Scale Testing 
2.4.1 Introduction 
Most of the previous work on use of TDA as backfill for walls has been done by 
the University of Maine (Manion, et, al. (1992); Tweedie et, al. (1997); Cosgrove, et, al. 
(1999)).  Graduate students Manion, Tidd, Tweedie, and Cosgrove were the first to begin 
testing TDA as lightweight material to be used behind retaining walls.   
 2.4.2 University of Maine Testing Facility  
Tweedie et, al. (1997) constructed a full scale test facility at the University of 
Maine to test the effects of TDA placement behind a retaining structure. 
2.4.2.1 Facility Design 
The testing facility was designed to accommodate approximately 100 m3 (130 
yd3) of backfill.  It measured 4.88 m (16 ft) high and 4.47 m (14.7 ft) by 4.57 m (15 ft) in 
plan.  The foundation and sidewalls consisted of reinforced concrete.  The back wall of 
the facility consisted of removable timber lagging, allowing backfill to be removed after 
the completion of a test.  An overhead crane was installed to hoist backfill and surcharge 
into the facility. 
The front wall of the facility was designed as the retaining wall.  It consisted of 
three reinforced concrete panels with the instrumentation placed on the center panel to 
reduce the influence of friction on the side walls.  The center panel was supported by six 
load cells and four pressure cells cast in the face of the concrete panel.  Each panel was 
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hinged at the base to allow for the outward rotation necessary to produce active 
conditions. A facility layout can be seen in Figure 2.12. 
 
Figure 2.11 Full scale test retaining wall facility: (a) plan view; (b) cross section 
(Tweedie, 1997) 
 2.4.2.2 Testing Methodology 
TDA was placed in 200-mm (7.87-in) lifts and compacted with four passes of a 
walk behind vibratory tamping foot roller with a 1,180-kg (2,601-lb) static weight.  For 
all tests the surface of the backfill was horizontal.  TDA from three different 
manufacturers was tested.  The thickness of the TDA fill for two of the three 
manufacturers (F&B Enterprises, and Palmer Shredding) was 4.88 m (16 ft).  The third 
sample taken from Pine State Recycling was placed to a thickness of 4.67 m (15.3 ft).  
After TDA placement, as surcharge of 35.9-kPa (750-psf) was applied.   
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Measurements were taken during the at-rest state (before wall rotation), and at 
wall rotations ranging from 0.001H to 0.04H (0.06 to 2.2 degrees) where H is the wall 
height.  After rotation, the time dependent change in horizontal stress was investigated 
for some trials. 
2.4.2.3 TDA Properties 
 
 The properties of the three samples of TDA were determined as follows: 
o F&B Enterprises  Size/Shape - Equidimensional with few belts 
    Density - 0.71 Mg/m3 (44.3 lb/ft3) 
     Friction Angle – 25 degrees 
    Cohesion Intercept – 8.6 kPa (179.6 lb/ft2) 
 
o Palmer   Size/Shape – Long and flat, many exposed steel 
belts 
    Density - 0.69 Mg/m3 (43.1 lb/ft3) 
     Friction Angle – 19 degrees 
    Cohesion Intercept – 11.9 kPa (248.5 lb/ft2) 
 
o Pine Tree  Size/Shape – Long and flat, many exposed steel 
belts 
    Density - 0.71 Mg/m3 (44.3 lb/ft3) 
     Friction Angle – 21 degrees 
    Cohesion Intercept – 7.7 kPa (160.8 lb/ft2) 
  2.4.2.4 Horizontal Stress: 
The horizontal stress distributions for all three samples proved to be very similar.   
Before rotation of the wall (at-rest conditions) stress decreased slightly with depth; as the 
wall was then rotated to 0.01H the horizontal stress decreased significantly at the top, but 
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decreased only slightly at the bottom of the wall. The horizontal stress distributions for 
all three samples during active conditions were very similar as well.  As the wall was 
rotated outward the horizontal stress decreased significantly at the top of the wall, 
however the decrease in horizontal stress at the bottom of the wall was small.  The 
magnitude of the resultant horizontal force increased when time was allowed to pass after 
rotation of the wall, with a 20% increase one day after initial rotation.   
Active conditions are achieved when the amount of wall movement is sufficient to 
produce the minimum horizontal stress.  This occurs when the wall moves away from the 
backfill, deforming the mass sufficiently to fully mobilize the shear strength.  It can be 
seen from Figure 2.13 there is little reduction in stress beyond a rotation of 0.01H. 
 
Figure 2.12 Initial horizontal stress distributions for Palmer Immediately after outward 
wall rotation from before rotation to 0.01H (Tweedie, 1997) 
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Figure 2.13 Initial horizontal stress distributions for Palmer initially after outward wall 
rotation and with maximum amount of time passed for 0.01H.  (Tweedie, et al. (1998) 
 
Additional information was attained from the pressure cells, although the data 
showed considerable scatter.  This was due, at least in part, to the unconventional use of 
the pressure cells, methods of calibration, noise introduced by the power source, and the 
large size of the TDA.  It was seen that a majority of the pressure cell values were 
approximately equal to or less than the distributions determined from the load cells. 
The stresses generated by the TDA were compared to theoretical soil forces based 
on calculated Rankine active pressures.  The stresses from TDA were less than those 
expected for soil as shown in Figure 2.14. 
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Figure 2.14 Comparison of horizontal stresses for TDA from three suppliers at 0.01H of 
outward wall rotation and those expected for active conditions from typical granular fill 
(Tweedie, 1997) 
 
2.4.2.5 Backfill Movement: 
Horizontal movements within the backfill were measured with the use of two 
inclinometers.  These were placed 1.14 and 2.29 m (3.74 and 7.51 ft) from the front wall. 
Figure 2.15 shows that the amount of additional movement after initial rotation was 
slight.  
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Figure 2.15 Displacement within Palmer backfill: (a) 1.14-m casing; (b) 2.29-m casing 
(Tweedie, 1997) 
 
2.4.2.6 Conclusions: 
Tests using this full scale experimental facility, constructed to test TDA as 
retaining wall backfill aided in developing the following conclusions: 
1. The horizontal stress for the TDA decreases as outward rotation of the 
front wall increases.  The earth pressure coefficient (K) consequently 
decreases with increased outward wall rotation. 
2. When rotation is held for a period of time, the horizontal stress increases 
due to creep, appearing to stabilize within a short period of time (a few 
days). 
3. At a rotation of 0.01H and a surcharge of 35.9-kPa (750-psf) the 
horizontal stress, after time given for creep to occur, is 35% less than that 
expected for active conditions using soil backfill 
4. Horizontal stresses present on a wall face active or at-rest appear to be less 
with TDA as backfill that would be estimated from conventional soil 
backfill 
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2.4.3 Topsham-Brunswick Bypass Project 
Two full-scale field trials were constructed using TDA as bridge abutment 
backfill as well as embankment fill in 1996 at the Merrymeeting Bridge located on state 
Route 196 in Topsham, Maine, crossing the Androscoggin River.  The first trial was a 
rigid frame bridge that had a 0.9-m (3-ft) thick TDA backfill layer.  This narrow zone of 
TDA backfill is not comparable to other projects studied, so this trial will not be 
discussed.  The other is the north abutment of the Merrymeeting Bridge and is discussed 
below. 
2.4.3.1 Site Layout 
TDA fill was used behind the north bridge abutment and approach embankment 
of the Merrymeeting Bridge.  A 3-m (10-ft) thick layer of Type B TDA directly overlain 
by a 1.2-m (3.9-ft) thick layer of Type A TDA, was placed within the approach 
embankment above soft foundation soils leading up to the abutment as shown in Figure 
2.16. 
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Figure 2.16 Longitudinal cross section of approach embankment at centerline (Cosgrove et al., 1999)
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2.4.3.2 Merrymeeting Bridge Instrumentation 
 The TDA used in the Merrymeeting bridge embankment was a combination of 
Type B (305-mm; 12-in. minus) and Type A (75-mm; 3-in. minus).  A typical cross-
section can be seen in Figure 2.16.   The embankment was instrumented with settlement 
gages and plates, temperature sensors, and gas sampling tubes.  The abutment wall was 
instrumented with pressure cells.  The layouts of these instruments can be seen in Figures 
2.18 through 2.20. 
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Figure 2.17 Pressure cell installation locations (Cosgrove et al., 1999)
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Figure 2.18 Settlement plate installation locations – cross Section At 8.5 m (28 ft) left of centerline (Cosgrove et al., 1999) 
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Figure 2.19 Cross-section showing temperature sensor locations along centerline (Cosgrove et al., 1999)
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2.4.3.3 Merrymeeting Bridge Results 
 The horizontal stresses on the abutment wall, as well as settlements and 
temperatures of the TDA fill, are examined in the following.   
Six vibrating wire pressure cells were installed to measure horizontal stresses 
against the abutment wall.  The results are presented for four different dates in Table 2.4.  
Table 2.4 Comparison of pressure cell readings TDA placement, after the end of fill 
placement, on October 15, 1996, and on August 6, 1997. (Cosgrove et al., 
1999) 
 
Small long term pressure increases were seen at some locations, while small 
decreases in pressure were seen in other locations.  Most of the stress increase occurred 
during fill placement shown in Figures 2.21 and 2.22. Coefficients of lateral earth 
pressure (K) were calculated and can be seen in Table 2.8.  K values ranged from 0.24 to 
0.52 with an average value of 0.37.   These results are close to those found by Tweedie et 
al., (1997) for at-rest conditions. 
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Figure 2.20 Comparison of pressure readings at the end of tire shred placement, end of fill 
placement, and long term – 5.5 m (18 ft) right of centerline (Cosgrove et al., 1999) 
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Figure 2.21 Comparison of pressure readings at the end of tire shred placement, end of fill 
placement, and long term – 2.4 m (7.9 ft) left of centerline (Cosgrove et al., 1999) 
 
Table 2.5  Measured σ’h’ and σ’v’ and calculated K for the north abutment pressure cells 
(Cosgrove et al., 1999) 
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Settlements during construction and about a year after construction can be seen in 
Table 2.6.  Settlement on 11/01/1997 at the top of the TDA layer (SP1-3 and SP2-3) was 
515 mm (20.3 in.), very close to the estimated overbuild of 457 mm (18 in.).    
Table 2.6 Comparison of settlement plate readings during construction and a year after 
construction (Cosgrove et al., 1999) 
  
Thirty six temperature sensors were installed to monitor temperature within the 
approach TDA embankment.  Two sensors were placed below the TDA layer in the 
subgrade, two were placed in the soil layer directly above the TDA layer, and two 
measured ambient air temperature, the remainder were installed in the TDA layer.  
Temperature sensors showed mostly seasonal variation, with one sensor reading a 
temperature reaching 40˚C (104˚F) within the TDA layer for a short period of time most 
likely due to  self-heating of the Type A TDA. ASTM D6270-08 recommends the larger 
Type B TDA to limit heating.  No long term heating trends were seen during the time 
period recorded.   
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2.5 Numerical Modeling 
2.5.1 Introduction 
Numerical modeling on TDA, and rubber-sand as lightweight backfill was 
completed by Lee et al., (1999).  Along with the numerical modeling a triaxial testing 
program was completed to investigate stress-strain relationships and strengths of both the 
TDA and rubber-sand. For the scope of this review, TDA will be the only material 
discussed.  
2.5.2 Triaxial Testing 
2.5.2.1 Test Setup 
TDA, with a 30-mm minus size and no exposed steel belting was used in the 
triaxial tests to avoid damage to the rubber membrane during testing.  Use of small size 
TDA with no exposed steel may not yield results completely similar to larger TDA 
typically used in field projects.  Triaxial samples were 150 mm in diameter and 300 mm 
in height.  The samples were tested using an MTS Soil Testing System which was 
connected to a data acquisition system.  Samples were compacted via vibratory 
compaction and tested under consolidated drained conditions. Samples were prepared in a 
vacuum split mold and vibrated at 60 Hz under weights totaling a 14 kPa (2 psi) 
surcharge.  Resultant unit weights were approximately 1.27 Mg/m3 (80 lb/ft3) (Lee et al., 
1999). The samples were tested at a constant rate of strain of 1%/min.  Triaxial tests were 
conducted at confining pressures of 28, 97, and 193 kPa (4, 14, and 28 psi). Multiple tests 
were completed at each confining pressure.     
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2.5.2.2 Test Results 
Results from testing at all three confining pressures are shown in Figures 2.23 and 
2.24.  The shape of the stress-strain curves in Figure 2.23 shows a nearly linear behavior 
with increasing stress under increasing strain.  The materials tested did not reach peak 
stress at any of the three confining pressures.  As seen in Figure 2.24, TDA shows a 
decrease in volume with increasing strains.   
 
Figure 2.22 Triaxial stress-strain test results on samples of TDA at three confining 
stresses (Lee et al., 1999) 
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Figure 2.23 Volumetric strain versus axial strain for samples of TDA at three confining 
stresses (Lee et al., 1999) 
 
2.5.3 Numerical Results 
2.5.3.1 Test Setup 
Numerical modeling on TDA was completed using a finite element analysis 
program ABAQUS.  Additional details on this program and the procedures used in the 
modeling are given in Lee, et al. (1999).  The modeling was completed using the same 
parameters as the retaining wall tests completed by the University of Maine in 1997.  
Additional details on these parameters and the design are given in Tweedie, et al. (1997).  
Wall dimensions, TDA properties, reinforcing properties, and friction angles were all 
taken from the University of Maine retaining wall tests.   
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2.5.3.2 Analysis Results 
Results from the finite element (FE) analysis are shown, in comparison with the 
University of Maine test data, in Figures 2.24 through 2.26.  Figure 2.24 shows the 
numerical results compared with field test results from the University of Maine project 
(Tweedie).  The predicted settlement from FE analysis agrees reasonably well with actual 
values with 6 to 36 kPa surcharges.  The predicted values of horizontal pressure shown in 
Figure 2.24 overestimate the actual field values by 20-30%.  The degree of 
overestimation increases as depth increases.     
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Figure 2.24 Measured and numeric results with 36-kPa surcharge: (a) average settlement 
verses applied pressure (b) horizontal pressure on wall under at-rest condition (Lee et al., 
1999) 
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Numerical modeling was also completed under the active condition with two wall 
rotation angles of 0.8° and 1.7°.  The measured horizontal pressure was obtained one day 
after rotation was applied.  As for the at-rest case, predicted pressures using numeric 
modeling were higher than field test values.  Numeric results show that larger horizontal 
displacements may be required to fully develop the active condition.  Results from this 
modeling shown in Figure 2.25.  
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Figure 2.25 Measured and numerical results with 36-kPa surcharge: (a) 0.8° rotation; (b) 
1.7° rotation (Lee et al., 1999) 
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The comparison with actual data shows that FE analysis tends to overestimate 
lateral wall pressures with TDA backfill.  A comparison with typical gravel material 
using FE analysis can be seen in Figure 2.26.  Despite the overestimation, FE analysis 
still finds that lateral forces generated on a wall with TDA backfill are much smaller than 
a wall with conventional gravel backfill.   
 
Figure 2.26 Distribution of horizontal pressure on wall with 36-kPa surcharge for real-
scale wall test under at-rest conditions. (Lee et al., 1999) 
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CHAPTER 3 
TARRTOWN PROJECT INTRODUCTION 
This section of the thesis (Chapters 3 through 9) presents the analysis of data and 
results of instrumentation on the Limestone Run Bridge, located on Tarrtown Road, State 
Route 4023, in Tarrtown, Pennsylvania.  The scope of the project covered by this thesis is 
limited to analysis and interpretation of data provided by Apex Companies, LLC, Geo 
Instruments, Inc. and the Pennsylvania Department of Transportation.  The analysis 
includes: analysis of the data for consistency, and verification that the conversion from 
the raw instrument readings was correct. 
The Tarrtown Project consists of a single span, simply supported bridge over 
Limestone Run, and the two adjoining approach fills.  The bridge is supported by 
reinforced concrete abutments founded on piles.  Instrument readings were taken during 
and after construction to gain a better understanding of the use of TDA as lightweight 
embankment fill and bridge abutment backfill.  This thesis covers data gathered through 
spring, 2007.  Installation of the instrumentation was completed by the onsite contractor, 
as designed and overseen by Apex Companies, LLC.  Automated data acquisition 
services were provided by Geo-Instruments, Inc.  Manual data collection was performed 
by Apex Companies, LLC, and the Pennsylvania Department of Transportation.  
3.1 Abutment 1  
Abutment 1 contains four pressure cells with integral thermistors, embedded in 
the back face of the abutment wall.  Embankment 1, immediately behind Abutment 1, is 
constructed with a single 3-m (10-ft) thick layer of TDA underlain by 0.3 to 0.6 m (1 to 2 
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ft) of fill and a 0.6-m (2-ft) thick working mat with two layers of high strength geotextile.  
The TDA layer is overlain by 1.4 m (4.5 ft) of cover soil, with pavement laid on the cover 
soil.  Embankment 1 contains the following instruments: 10 inclinometers, 9 vibrating 
wire piezometers with integral thermistors, 12 thermistors, 21 settlement plates, 28 spider 
magnets, and 20 datum magnets.  
3.2 Abutment 2  
Abutment 2 contains six pressure cells with integral thermistors embedded in the 
back face of the abutment wall.  Embankment 2, immediately behind Abutment 2, is 
constructed with two TDA layers.  The lower layer is 3-m (10-ft) thick and the upper 
layer varies from 0.3-m (1-ft) thick near the abutment to a maximum thickness of 0.8 m 
(2.5 ft) about 61 m (200 ft) from the abutment.  The two TDA layers are separated by a 
0.9-m (3-ft) thick fill layer and the lower TDA layer is underlain by 0.3 to 0.6 m (1 to 2 
ft) of fill material and a 0.6-m (2-ft) thick working mat with two layers of high strength 
geotextile.  The TDA layer is overlain by 1.4 m (4.5 ft) of cover soil, with pavement laid 
on the cover soil.  Embankment 2 contains the following instruments: 10 inclinometers, 6 
vibrating wire piezometers with integral thermistors, 18 thermistors, 27 settlement plates, 
31 spider magnets, and 20 datum magnets.  
3.3 Instrumentation Usage  
The reason for the installation of each type of instrumentation is described in the 
following.   
Pressure cells were embedded in the back face of the retaining walls to measure 
horizontal stress generated by the soil and TDA backfill on the wall. Vibrating wire 
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piezometers were installed in the underlying foundation soil beneath the embankments to 
measure pore water pressures during and after construction. Inclinometers were installed 
in both embankments to measure horizontal movement of the embankment and 
foundation soils.  Settlement plates and settlement magnets were installed with the 
inclinometer casings to measure total settlement of the embankment as well as settlement 
of individual fill layers.  Thermistors were installed in the TDA to measure temperatures 
and temperature fluctuations.  The vibrating wire piezometers and pressure cells also 
contain integral thermistors which are used for temperature correction when calculating 
pore pressure and horizontal stress from raw instrument readings. 
3.4 Available Data 
 Both automatic and manual data acquisition began August 12, 2003 at Abutment 
1 and Abutment 2. Data from some of the instruments was not collected until five to ten 
days after data acquisition began. Gaps are present in automatically collected data for 
both abutments.  The dates of these data gaps can be seen below.  The cause of these gaps 
is unknown. Dates missing are: 
Abutment 1:   5/1/05 – 6/14/05  
Abutment 2   5/24/05 – 6/16/05 
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3.5 Instrumentation Layout 
The locations of the instruments are discussed in the following. 
3.5.1 Inclinometers & Settlement Instruments 
The inclinometers and associated settlement instruments were installed near the 
following stations shown in Figure 3.1: 204+00, 204+50, 207+00, and 208+00.  At each 
station, instruments were installed at five offsets: centerline, both side slopes, and both 
toes.  The plan locations of the inclinometers and their associated settlement plates and 
settlement magnets are shown in Figure 3.1 and cross sections can be seen in Figures 3.2 
through 3.5.  
3.5.2 Vibrating Wire Piezometers and Temperature Sensors 
The plan locations of the vibrating wire piezometers are shown in Figure 3.1.  The 
vibrating wire piezometers and the temperature sensors can be seen in Figures 3.2 
through 3.5.  These figures also show the configuration of the TDA layers and 
surrounding soil zones.  Temperature sensors that are integral with the piezometers and 
pressure cells are not shown.   
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Figure 3.1 Plan view of inclinometer and piezometer locations (Apex Companies, LLC, 2002). 
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Figure 3.2 Cross section showing instrumentation at station 204+00 (Apex Companies, LLC, 2002)  
 
 54 
  
Figure 3.3 Cross section showing instrumentation at station 204+50, inclinometers I1-I5 (Apex Companies, LLC, 2002)  
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Figure 3.4 Cross section showing instrumentation at station 207+00, inclinometers I11-I15 (Apex Companies, LLC, 2002)  
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Figure 3.5 Cross section showing instrumentation at station 208+00, inclinometers I16-I20 (Apex Companies, LLC, 2002)  
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3.5.3 Pressure Cells 
The as constructed locations of pressure cells as well as fill layering and 
thicknesses are shown in Figure 3.6.  Abutment 1, located on the left side, corresponds to 
embankment 1; abutment 2 located on the right side, corresponds to embankment 2. 
 
Figure 3.6   Longitudinal section showing pressure cell location, with elevations and 
serial numbers, in Abutment 1 and 2 (Apex Companies, LLC, 2002)  
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CHAPTER 4 
TARRTOWN PRESSURE CELLS 
Ten vibrating wire earth pressure cells were installed to monitor pressures exerted 
on the walls by the embankment fill.  The pressure cells are Roctest model TPC (total 
pressure cell) consisting of an oil-filled pressure pad that is connected by a stainless steel 
tube to a vibrating wire pressure sensor in a strong housing.  Pressures are measured 
based on increased or decreased fluid pressure through the vibrating wire pressure 
transducer.   By the completion of construction, pressure cell P1 had malfunctioned.  
Pressure cell P4 ceased to function properly on about 9/23/06.  As of winter 2006-2007 
all gages except for pressure cells P1 & P4 continued to function properly.    
4.1 Pressure Cell Data Analysis  
Raw vibrating wire pressure cell data can first be converted to linear units (LU) 
from initial readings in frequency (Hz) using the following equation: 
L = K*(F2/1000) 
L = reading in linear units 
K = gage constant for piezometer = 1.0156 
F = frequency in Hz 
A conversion to pressure in kilopascals (kPa) can then be found using the 
following equation: 
P = Cf(L-L0) 
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  P = pressure in kilopascals 
  Cf = calibration factor in units of kPa/LU 
  L = current reading in linear units (LU) 
  L0 = initial reading in linear units (LU) 
Once LU readings are converted to pressures in kPa, corrections for barometric 
pressure and temperature can be completed with the following equation: 
Pc = P-CT(T-T0)-(S-S0) 
Pc = corrected pressure in kilopascal 
CT = temperature calibration factor from manufacturer (units of kPa/˚C) 
T = current temperature reading in degrees Celsius 
T0 = initial temperature reading in degrees Celsius 
S = current barometric pressure reading in kilopascals 
S0 = initial barometric pressure reading in kilopascals  
Once this is complete, a simple conversion from kilopascals (kPa) to pounds per square 
inch (psi) can be completed, if necessary. 
For this project, on site barometric pressure was not recorded, therefore 
barometric pressure corrections were not applied.  Fortunately, barometric pressure 
fluctuates in a narrow range (typically less than 1 psi (6.9 kPa)) and has a negligible 
effect when examining backfill pressure changes over long periods of time.  Temperature 
correction factors were applied using the temperatures measured by the thermistors that 
are integral to each pressure cell. 
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Each pressure cell has its own unique calibration factors, Cf and CT.  Cf was 
determined for each cell by applying stresses ranging from 0 to 46 kPa and measuring the 
resulting LU.  The calibrations for each cell are included in Appendix A.   The 
temperature correction factor determined by the instrument manufacturer was used.  
These values are also listed in Appendix A. 
Obtaining accurate initial readings is critical since the pressure is determined from 
the difference between the current reading and the initial reading.  The initial readings of 
LU and temperature were taken to be the average of the readings for 20 days prior to fill 
being placed against the cells.  This procedure minimizes the influence of random 
fluctuations of the data, often called noise, on the initial readings. 
4.2 Pressure Cell Readings  
4.2.1 Abutment 1 
The pressure cells located on abutment 1 were placed in numerical order, from top 
to bottom as shown in Figure 3.6.  Pressure cells were relocated during the construction 
phase from their original planned locations due to problems with installation.  Planned 
locations and final locations of installed pressure cells are listed in Table 4.1 below. 
Table 4.1 Planned and actual locations of pressure cells on Abutment 1. 
Pressure 
Cell 
Planned Location Installed Location 
P1 Soil Cover, el. 237 m (777.75 ft) TDA Layer, el. 242.9 m (797.07 ft) 
P2 TDA Layer, el. 238.8 m (783.33 ft) TDA Layer, el. 242.5 m (795.59 ft) 
P3 TDA Layer, el. 239.8 m (786.66 ft) Soil Fill, el. 241.1 m (791.18 ft) 
P4 Soil Fill, el 241.1 m  (791 ft) Working Mat, el. 240 m (787.87 ft)  
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 Below are the approximate dates when fill was placed against the pressure cells 
on abutment 1.  Pressure cell P1 was malfunctioning for most of the monitoring period 
and P4 ceased to function properly on about 9/23/06.  For all four pressure cells on 
abutment 1 there is a gap in available data between 5/1/2005 and 6/14/2005.  The reason 
for this gap is unknown. 
 P1 – 4/6/2004 (Continuance of TDA layer placement) 
 P2 – 9/23/2003 (Beginning of TDA layer placement) 
 P3 – 9/23/2003 (Beginning of soil layer placement) 
 P4 – 9/2/2003 (Prior to lower soil layer placement) 
Pressure cells P1 and P2 have TDA placed against them and results are shown in 
Figures 4.1 and 4.2.  Pressure cell P2 experienced a similar increase in pressure as cell P3 
located below the TDA layer in soil fill.  Pressure cell P4 experienced very low pressures 
throughout its life despite its location in the working mat; this will be discussed further in 
Chapter 7.  Pressure cells P3 and P4, located below the TDA layer are shown in Figures 
4.3 and 4.4.  
Figures 4.2 and 4.3 show seasonal fluctuation of pressure after completion of 
construction, which may be due to seasonal changes in temperature in the wall, or that the 
temperature correction factor provided by the manufacturer is inaccurate.   
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Figure 4.1 Pressure on cell P1 in Abutment 1 in TDA layer (not functioning properly) 
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Figure 4.2 Pressure on cell P2 in Abutment 1 in TDA layer 
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Figure 4.3 Pressure on cell P3 in Abutment 1 soil fill below TDA layer  
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Figure 4.4 Pressure on cell P4 in Abutment 1 in working mat 
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4.2.2 Abutment 2 
The pressure cells located on abutment 2 were placed in numerical order, from top 
to bottom.  Pressure cells were reoriented during the construction phase from their 
original planned locations due to problems with installation.  Planned locations and final 
locations of installed pressure cells are listed in Table 4.2. 
Table 4.2 Planned and actual locations of pressure cells on Abutment 2. 
Pressure 
Cell 
Planned Location Installed Location 
P5 Top Soil Cover, el. 235.5 m 
(772.75 ft) 
Middle Soil Fill, el. 244.7 m  
(802.83 ft) 
P6 Upper TDA Layer, el. 236.4 m 
(775.5 ft) 
Lower TDA Layer, el. 243.6 m 
(799.37 ft) 
P7 Middle Soil Fill, el. 237 m  
(777.5 ft) 
Lower TDA layer, el. 242.9 m 
(796.87 ft) 
P8 Lower TDA Layer, el. 238.8 m 
(783.33 ft) 
Lower TDA layer, el. 242.1 m 
(794.37 ft) 
P9 Lower TDA Layer, el. 239.8 m 
(786.66 ft) 
Soil Fill, el. 241.5 m (790.84 ft) 
P10 Soil Fill, el. 241.1 m (791 ft) Working Mat, el. 240.2 m(788.16 ft)  
 
 
Shown below are the approximate dates when fill was placed against the pressure 
cells on Abutment 2.  For the six pressure cells on abutment 2 there is a gap in data 
between 5/24/2005 and 6/16/2005.  The reason for this gap is unknown. 
 P5 – 5/20/2005 (Prior to placement of cover soil) 
 P6 – 4/6/2005 (Spring resumption of work, prior to upper TDA placement) 
 P7 – 10/4/2004 (Beginning of intermediate soil layer placement) 
 P8 – 5/26/2004 (Beginning of lower TDA layer placement) 
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 P9 – 5/26/2004 (Beginning of lower TDA layer placement) 
 P10 – 9/1/2003 (Prior to lower soil layer placement) 
Pressure cell P7 is located in the overlying soil fill between the two TDA layers, 
and pressure cells P8, and P9 are located in the lower 3-m (10-ft) thick TDA layer.  These 
cells experienced a slightly larger increase in pressure than cells located above and below 
the TDA layers in soil fill, as shown in Figures 4.5 through 4.10. Pressure cell P9 is 
located in the soil fill under the lower TDA layer, while pressure cell P10 is located in the 
working mat.  In general, the pressures in the TDA layers were slightly higher than in the 
soil layers.  This will be discussed further in Chapter 9.  Additionally, cells P6 and P8 
showed seasonal fluctuation of pressure after completion of construction.   
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Figure 4.5 Pressure on cell P5 in Abutment 2 in soil fill between TDA layers 
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Figure 4.6 Pressure on cell P6 in Abutment 2 in lower TDA layer 
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Figure 4.7 Pressure on cell P7 in Abutment 2 in lower TDA layer 
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Figure 4.8 Pressure on cell P8 in Abutment 2 in lower TDA layer 
8/
27
/0
3
10
/2
6/
03
12
/2
5/
03
2/
23
/0
4
4/
23
/0
4
6/
22
/0
4
8/
21
/0
4
10
/2
0/
04
12
/1
9/
04
2/
17
/0
5
4/
18
/0
5
6/
17
/0
5
8/
16
/0
5
10
/1
5/
05
12
/1
4/
05
2/
12
/0
6
4/
13
/0
6
6/
12
/0
6
8/
11
/0
6
10
/1
0/
06
12
/9
/0
6
2/
7/
07
-5
0
5
10
15
20
25
30
35
40
45
50
Pr
es
su
re
 (k
Pa
)
Bottom Tire
Layer Complete
Intermediate
 soil Layer
 Complete
Top Tire 
Layer
 Complete
Cover Soil Layer 
& Overburden
Complete
Overburden 
Removal
Begun
Paving
Complete
 
Figure 4.9 Pressure on cell P9 in Abutment 2 in soil fill below lower TDA layer 
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Figure 4.10 Pressure on cell P10 in Abutment 2 in working mat  
4.3 Summary 
Ten vibrating wire earth pressure cells were installed to monitor pressures exerted 
on the abutment walls by the embankment fill.  These pressure cells were placed on two 
abutments, with pressure cells P1 through P4 imbedded in abutment 1 and P5 through 
P10 embedded in abutment 2.  The pressure cells are located in both soil and TDA.  At 
abutment 1, cells P1 and P2 are located in the TDA and cells P3 and P4 are located in 
soil.  At abutment 2, cells P6, P7 and P8 are located in TDA and cells P5, P9 and P10 are 
located in soil.  
 Data was corrected for temperature, but not corrected for barometric pressure.  
One pressure cell malfunctioned through the entire monitoring period, a second three 
years after installation.  All other pressure cells functioned through the period of 
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monitoring covered in this thesis.  Gaps occurred in the data for all the pressure cells 
located on abutment 2.  The reason for these gaps is unknown.   
Some of the pressure cells at both abutments showed seasonal fluctuation of 
pressure after completion of construction, this suggests that the temperature correction 
factor provided by the manufacturer is inaccurate.  Once data from an additional year has 
been collected a temperature correction for each pressure cell should be determined. 
 In general, the pressures in the TDA layers were slightly higher than in the soil 
layers.  This will be discussed further in Chapter 9 
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CHAPTER 5 
TARRTOWN SETTLEMENT INSTRUMENTATION 
5.1 Introduction 
Settlement plates and spider magnets were installed at ten locations on each 
embankment, in conjunction with inclinometer casings.  The data was reviewed for 
consistency.  Some data was excluded from subsequent analysis as described below.   
 I06 – Data for July 7, 2004 was excluded due to values showing largely 
different results than surrounding dates. 
 
 I09 – Data for July 7 and July 16, 2004 was excluded due to values 
showing largely different results than surrounding dates. 
 
 I10 – Data for July 7, 2004 (PM-1) was excluded due to values showing 
largely different results than surrounding dates. 
 
 I11 – Data for June 22, 2004 (DM-2) and April 25, 2005 was excluded due 
to values showing largely different results than surrounding dates. 
 
 I16 – Data for September 2 and November 2, 2004 was excluded due to 
values showing largely different results than surrounding dates. 
 
 I19 – Plate 3 (PM-3) was excluded due to unknown malfunction during 
the early stage of construction.  Readings taken November 2, 2004 show 
an addition of inclinometer tubing and a plate movement of 21 cm (8.25 
in) in the upward direction nullifying subsequent usability of the plate 
magnet. 
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Settlement data was collected by measuring depths of plates and magnets from the 
top of the inclinometer casing.  The two datum magnets at each inclinometer placed in 
the underlying rock were also measured.  The elevations of these magnets was assumed 
constant and height differences between the plates, magnets and datum magnets were 
subtracted in order to determine elevations at each instrument location.  These elevations 
were then subtracted from initial readings to determine settlement. Settlement data from 
each embankment is presented in the following sections. 
5.2 Settlement of Embankment 1 
The settlements recorded by the settlement plates and spider magnets in 
embankment 1 are shown in Figures 5.1 through 5.10.  The greatest settlement was found 
on the roadway centerline, I03, and I08, where the TDA was the thickest. The maximum 
settlement occurred at I03 where 30.5 cm (12 in.) of settlement was measured at the top 
of the TDA layer after overburden placement had been completed.   Settlement at the toe 
of the embankment (I01, I05, I06, and I10) ranged from approximately zero to 5.1 cm (2 
in.)  Settlement of the surface of the foundation soils at centerline was about 10.2 cm (4 
in.) at I03 and about zero at I08.  This suggests significant variability in the 
compressibility of the foundation soils. 
Most of the settlement of the foundation soils and TDA had occurred by 
completion of soil cover placement.  During the approximately 11 month period between 
removal of the surcharge overburden and placement of the base course and pavement 
some rebound of the soil and/or TDA occurred.  It took several months after placement of 
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the base course and pavement for the embankment to recompress to about the same 
settlement as prior to overburden removal as shown in Figures 5.3 and 5.8.   
No appreciable long term settlements were measured at the toe of the 
embankment (inclinometers I01, I05, I06, I10).  Some long term settlement was seen at 
inclinometers I02, I03, and I04 at Station 204+50.  There appears to be little long term 
settlement at Station 204+00 beneath the embankment shoulders and centerline (I07, I08, 
and I09), this will be further discussed in Chapter 9.   
Some plots show scatter of the data that appears to be related to the accuracy of 
the measurements, or errors in individual readings.  The scatter of the data can be as high 
as ±2.5 cm (1 in.).  
 
Figure 5.1  Settlement (-) and rebound (+) of magnets on Inclinometer I01 located at 
Station 204+50, embankment toe, from date of installation (08/12/03). 
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Figure 5.2 Settlement (-) and rebound (+) of magnets on Inclinometer I02 located at 
Station 204+50, middle of slope, from date of installation (08/12/03).  
 
Figure 5.3 Settlement (-) and rebound (+) of magnets on Inclinometer I03 located at 
Station 204+50, roadway centerline, from date of installation (08/12/03). 
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Figure 5.4 Settlement (-) and rebound (+) of magnets on Inclinometer I04 located at 
Station 204+50, middle of slope,  from date of installation (08/12/03). 
 
Figure 5.5 Settlement (-) and rebound (+) of magnets on Inclinometer I05 located at 
Station 204+50, embankment toe, from date of installation (08/12/03). 
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Figure 5.6 Settlement (-) and rebound (+) of magnets on Inclinometer I06 located at 
Station 204+00, embankment toe, from date of installation (08/12/03).  
 
Figure 5.7 Settlement (-) and rebound (+) of magnets on Inclinometer I07 located at 
Station 204+00, middle of slope, from date of installation (08/12/03). 
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Figure 5.8 Settlement (-) and rebound (+) of magnets on Inclinometer I08 from located 
at Station 204+50, roadway centerline, from date of installation (08/12/03). 
 
Figure 5.9 Settlement (-) and rebound (+) of magnets on Inclinometer I09 located at 
Station 204+00, middle of slope, from date of installation (08/12/03).  
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Figure 5.10 Settlement (-) and rebound (+) of magnets on Inclinometer I10 located at 
Station 204+00, embankment toe, from date of installation (08/12/03).  
 
5.3 Settlement of Embankment 2 
The settlements recorded by the settlement plates and spider magnets in 
embankment 2 are shown in Figures 5.11 to 5.20.  Embankment 2 was constructed of two 
individual TDA layers, as described previously. The maximum settlement occurred at I13 
and I18, where the TDA was the thickest. A maximum of 53 cm (21 in.) of settlement 
was measured after pavement was been completed at I13.   Settlement at the toe of the 
embankment (I11, I15, I16, and I20) ranged from approximately zero to 3.8 cm (1.5 in.)  
Settlement of the surface of the foundation soils at centerline was about 5.1 cm (2 in.) at 
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I13 and about 6.4 cm (2.5 in.) at I18.  This suggests a somewhat uniform settlement 
behavior of the foundation soil under embankment 2. 
Most of the settlement of the foundation soils and TDA had occurred by 
completion of soil cover placement.  During the approximately 3 month period between 
removal of the overburden and placement of the base course and pavement some rebound 
of the soil and/or TDA occurred.  It took 4 to 5 months after placement of the base course 
and pavement for the embankment to recompress to about the same settlement as prior to 
overburden removal as shown in Figures 5.13 and 5.18.   
No appreciable long term settlement was measured at the toe of the embankment 
(I11, I15, I16, and I20).  Some long term settlement can be seen at inclinometers I13, and 
I14 at Station 207+00.  There also appears to be some long term settlement occurring at 
centerline of Station 208+00, inclinometer I18 this will be discussed further in Chapter 9.   
Some plots show scatter of the data which appears to be related to the accuracy of 
the measurements or errors in individual readings.  The scatter of the data can be as high 
as ±2.5 cm (1 in.).  
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Figure 5.11 Settlement (-) and rebound (+) of magnets on Inclinometer I11 located at 
Station 207+00, embankment toe, from date of installation (08/01/03). 
 
Figure 5.12 Settlement (-) and rebound (+) of magnets on Inclinometer I12 located at 
Station 207+00, middle of slope, from date of installation (08/01/03). 
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Figure 5.13 Settlement (-) and rebound (+) of magnets on Inclinometer I13 located at 
Station 207+00, roadway centerline, from date of installation (08/01/03). 
 
Figure 5.14 Settlement (-) and rebound (+) of magnets on Inclinometer I14 located at 
Station 207+00, middle of slope, from date of Installation (08/01/03).  
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Figure 5.15 Settlement (-) and rebound (+) of magnets on Inclinometer I15 located at 
Station 207+00, embankment toe, from date of installation (08/01/03). 
 
Figure 5.16 Settlement (-) and rebound (+) of magnets on Inclinometer I16 located at 
Station 208+00, embankment toe, from date of installation (08/01/03). 
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Figure 5.17 Settlement (-) and rebound (+) of magnets on Inclinometer I17 located at 
Station 208+00, middle of slope, from date of installation (08/01/03). 
 
Figure 5.18 Settlement (-) and rebound (+) of magnets on Inclinometer I18 located at 
Station 208+00, roadway centerline, from date of installation (08/01/03).  
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Figure 5.19 Settlement (-) and rebound (+) of magnets on Inclinometer I19 located at 
Station 208+00, middle of slope, from date of installation (08/01/03). 
 
Figure 5.20 Settlement (-) and rebound (+) of magnets on Inclinometer I20 located at 
Station 208+00, embankment toe, from date of installation (08/01/03). 
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5.4 Summary 
Settlement plates and spider magnets were installed at ten locations on each 
embankment, in conjunction with inclinometer casings.  Some of the settlement data was 
excluded due to inconsistencies in the data.  Settlement data was collected by measuring 
depths of plates and magnets from the top of the inclinometer casing and comparing these 
results to datum magnets placed in the bedrock. 
Settlements found in embankment 1 were greatest at roadway centerline with a 
maximum settlement of 30.5 cm (12 in.).  Settlement at the toe and sides of embankment 
1 ranged from zero to 5.1 cm (2 in.). Settlement of the foundation soils at centerline was 
about 10.2 cm (4 in.) at I03 and about zero at I08.  This suggests significant variability in 
the compressibility of the foundation soils. 
Embankment 2, which consists of two separate TDA layers, experienced greater 
settlements than embankment 1.  Settlements were greatest at roadway centerline, with a 
maximum settlement of 53 cm (21 in.). Settlement at the toe and sides of embankment 2 
ranged from zero to 3.8 cm (1.5 in.). Settlement of the surface of the foundation soils at 
centerline was about 5.1 cm (2 in.) at I13 and about 6.4 cm (2.5 in.) at I18.  This suggests 
a somewhat uniform settlement behavior of the foundation soil under embankment 2. 
Most of the settlement of the foundation soils and TDA had occurred by 
completion of soil cover placement.  During the approximately 3 month period between 
removal of the overburden and placement of the base course and pavement some rebound 
of the soil and/or TDA occurred.  Long term settlements are discussed in Chapter 9. 
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CHAPTER 6 
TARRTOWN PORE PRESSURES 
Vibrating wire piezometers were installed in the foundation soil to monitor pore 
water pressures for stability analysis during the construction period of the project.  
Piezometers W1 through W13 were placed adjacent to inclinometers, with two additional 
piezometers (W14 & W15) placed in the crushed rock backfill near the base of each 
abutment wall to directly measure pressures due to water levels in Limestone Run.  The 
locations of the piezometers are shown in cross section in Figures 3.2 through 3.5. 
6.1 Vibrating Wire Piezometer Data Analysis  
Raw vibrating wire piezometer data can first be converted to linear units (LU) 
from initial readings in frequency (Hz) using the following equation: 
L = K*(F2/1000) 
L = reading in linear units 
K = gage constant for piezometer = 1.0156 
F = frequency in Hz 
  Second, a conversion to pressure in kilopascals (kPa) can be found using the 
following equation: 
P = Cf(L-L0) 
  P = pressure in kilopascals (kPa) 
  Cf = calibration factors in units of kPa/LU 
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  L = current reading in linear units (LU) 
  L0 = initial reading in linear units (LU) 
Once LU readings are converted to pressures in kPa corrections for barometric 
pressure and temperature can be completed with the following equation: 
Pc = P-CT(T-T0)-(S-S0) 
Pc = corrected pressure in kilopascal 
CT = temperature calibration factor from manufacturer (units of kPa/˚C) 
T = current temperature reading in degrees Celsius 
T0 = initial temperature reading in degrees Celsius 
S = current barometric pressure reading in kilopascals 
S0 = initial barometric pressure reading in kilopascals  
Once this is complete, a simple conversion from kilopascals (kPa) to pounds per square 
inch (psi) can be completed if necessary. 
For this project, on site barometric pressure was not recorded, therefore 
barometric pressure corrections were not applied.  Fortunately, barometric pressure 
fluctuates in a narrow range (typically less than 1 psi (6.9 kPa)), and has little effect on 
pore pressure readings taken over a long period of time.  Small day to day fluctuations 
can be seen in the piezometers that are due in part to a lack of barometric pressure 
correction.  These fluctuations have little bearing on the usability of the results.  
Temperature correction factors were applied using the temperatures measured by the 
thermistors that are integral to each piezometer. 
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Each piezometer has its own unique calibration factors, Cf and CT.  The 
calibrations for each piezometer are included in Appendix A.   The temperature 
correction factor determined by the instrument manufacturer was used.  These values are 
listed in Appendix A. 
Obtaining accurate initial readings is critical since the change in pore pressure is 
determined from the difference between the current reading and the initial reading.  The 
initial readings (zero readings) of pressure and temperature were taken prior to instrument 
installation in a controlled environment. 
6.2 Water Levels in Limestone Run  
Water levels in Limestone Run fluctuate with rainfall, season, and water level in 
the adjoining Allegany River (the receiving river).  The latter factor controls the water 
level during high water events. Two piezometers, W14 & W15 were installed in the rock 
fill working mat behind each abutment wall to measure changes in pore pressure based on 
the stream water levels.  These readings can be seen on Figures 6.1 and 6.2.  The two 
piezometers were graphed together in Figure 6.3 for comparison.   Pore pressure peaks 
for both W14 and W15 occur during the same time periods, generally on the same day, 
suggesting that these piezometers respond directly to water level changes in Limestone 
Run.  These peaks are also of similar magnitudes.  During most periods the water level in 
Limestone Run is below the elevation of W14 and W15 and these piezometers record 
approximately zero pressure.   
 
 
 88 
8/
27
/0
3
10
/2
6/
03
12
/2
5/
03
2/
23
/0
4
4/
23
/0
4
6/
22
/0
4
8/
21
/0
4
10
/2
0/
04
12
/1
9/
04
2/
17
/0
5
4/
18
/0
5
6/
17
/0
5
8/
16
/0
5
10
/1
5/
05
12
/1
4/
05
2/
12
/0
6
4/
13
/0
6
6/
12
/0
6
8/
11
/0
6
10
/1
0/
06
12
/9
/0
6
2/
7/
07
-15
-10
-5
0
5
10
15
20
25
30
35
40
45
50
55
60
Pr
es
su
re
 (k
Pa
)
-300
-200
-100
0
100
200
300
400
500
600
700
800
900
1000
1100
1200
P
ressure (psf)
Bottom Tire
Layer Complete
Intermediate
soil Layer
Complete
Top Tire
Layer
Complete
Cover Soil Layer
& Overburden 
Complete
Overburden 
Removal
Begun
Paving
Complete
 
Figure 6.1 Pore water pressures measured by piezometer W14, working mat, adjacent to 
stream bed, Abutment 1. 
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Figure 6.2 Pore water pressures measured by piezometer W15, working mat, adjacent to 
stream bed, Abutment 2. 
 89 
8/
27
/0
3
10
/2
6/
03
12
/2
5/
03
2/
23
/0
4
4/
23
/0
4
6/
22
/0
4
8/
21
/0
4
10
/2
0/
04
12
/1
9/
04
2/
17
/0
5
4/
18
/0
5
6/
17
/0
5
8/
16
/0
5
10
/1
5/
05
12
/1
4/
05
2/
12
/0
6
4/
13
/0
6
6/
12
/0
6
8/
11
/0
6
10
/1
0/
06
12
/9
/0
6
2/
7/
07
-15
-10
-5
0
5
10
15
20
25
30
35
40
Pr
es
su
re
 (k
Pa
)
-300
-200
-100
0
100
200
300
400
500
600
700
800
P
ressure (psf)
W14
W15
 
Figure 6.3 Pore water pressure comparison between piezometers 14 and 15. 
 
6.3 Embankment 1 
The pore water pressures measured by each piezometer located beneath 
Embankment 1 are shown in Figures 6.4 through 6.11.   Typically pressures were 
between 0 and 15 kPa (0 and 313 psf) for most piezometers.  Peaks generally coincide 
with peaks in water levels in Limestone Run, seen by comparison in Figures 6.4 through 
6.6.  The influence of water levels in Limestone Run on foundation pore pressure will be 
examined further in Section 6.5.  Pore pressures showed no appreciable seasonal changes 
and no appreciable increases when fill was placed.  Based on these results the foundation 
soils appear to be fairly permeable, dissipating excess pore water pressures and 
responding rapidly to changes in Limestone Run water level.  The installation elevation 
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of the piezometers likely influenced the pressure, with units installed at lower elevations 
registering higher pressures.  This hypothesis will be examined further in Section 6.5. 
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Figure 6.4 Pore water pressures measured by piezometer W1, embankment toe, Station 
204+50. 
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Figure 6.5 Pore water pressures measured by piezometer W2, middle of embankment 
side slope, Station 204+50. 
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Figure 6.6 Pore water pressures measured by piezometer W3, roadway centerline, 
Station 204+50. 
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Figure 6.7 Pore water pressures measured by piezometer W4, middle of embankment 
side slope, Station 204+50. 
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Figure 6.8  Pore water pressures measured by piezometer W5, embankment toe, Station 
204+50. 
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Figure 6.9 Pore water pressures measured by piezometer W6, embankment toe, Station 
204+00. 
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Figure 6.10 Pore water pressures measured by piezometer W7, middle of embankment 
side slope, Station 204+00. 
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Figure 6.11 Pore water pressures measured by piezometer W8, roadway centerline, 
Station 204+00. 
 
6.4 Embankment 2 
The pore water pressures measured by each piezometer located beneath 
Embankment 2 are shown in Figures 6.12 through 6.16.   Piezometer W13 was the only 
piezometer to stop functioning and did so in July of 2004. Typically, pressures were 
between 0 and 20 kPa (0 and 418 psf) for most piezometers.  Peaks generally coincided 
with peaks in water levels in Limestone Run, as seen by comparison with Figures 6.1 
through 6.3.  The influence of water levels in Limestone Run on foundation pore pressure 
will be examined further in Section 6.5.  Pore pressures at the locations of W9 and W10 
showed appreciable seasonal changes but no appreciable increases when fill was placed. 
All other locations showed no appreciable seasonal changes and no appreciable increases 
when fill was placed.  Based on these results the foundation soils appear to be fairly 
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permeable dissipating excess pore water pressures and rapidly responding to changes in 
Limestone Run water level.  The installation elevation of the piezometers likely 
influenced the pressure, with units installed at lower elevations registering higher 
pressures.  This hypothesis will be examined further in Section 6.5. 
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Figure 6.12 Pore water pressures measured by piezometer W9, embankment toe, Station 
207+00. 
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Figure 6.13 Pore water pressures measured by piezometer W10, middle of embankment 
side slope, Station 207+00. 
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Figure 6.14 Pore water pressures measured by piezometer W11, roadway centerline, 
Station 207+00. 
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Figure 6.15 Pore water pressures measured by piezometer W12, middle of embankment 
side slope, Station 207+00. 
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Figure 6.16 Pore water pressures measured by piezometer W13, embankment toe, Station 
207+00. 
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6.5 Total Head 
Total head was determined by converting the measured water pressure to the 
equivalent pressure head in feet of water and adding it to the elevation of the piezometer 
above sea level (i.e. the elevation head with sea level as the datum). 
6.5.1 Embankment 1 
 Total head was calculated for each piezometer located in embankment 1. The 
results were compared with total head calculated from piezometer W15 located adjacent 
to Limestone Run in Figures 6.17 and 6.18.  The elevation of piezometer W15 was above 
water levels in Limestone Run except for periods of high water, therefore the total head 
calculated remained at the instrumentation elevation except for high water periods.  Due 
to this a day-by-day comparison between piezometer W15 and piezometers located 
deeper within the foundation soil cannot be made; only comparisons between total head 
peaks during high water levels can be made.   
Total heads in embankment 1 during peak periods are very similar to those in 
piezometer W15, as seen in a portion of the centerline piezometer readings that were 
magnified in Figure 6.19.  Changes in total head of both piezometers at roadway 
centerline are almost identical to changes in total head at W15, which represents water 
level changes in Limestone Run.  All other piezometers located in embankment 1 follow 
this same pattern.   Based on this information the foundation soils under embankment 1 
appear to be highly permeable, showing immediate response to water levels in Limestone 
Run.      
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Figure 6.17 Total Head, Embankment 1, all piezometers. 
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Figure 6.18 Total Head, Embankment 1, centerline piezometers. 
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Figure 6.19 Total Head, Embankment 1, centerline piezometers (magnified). 
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6.5.2 Embankment 2 
 Total head was calculated for each piezometer located in embankment 2.  The 
results were compared with total head calculated from piezometer W14 located adjacent 
to Limestone Run in Figures 6.20 and 6.21.  The elevation of piezometer W14 was above 
water levels in Limestone Run except for periods of high water, therefore the total head 
calculated remained at the instrumentation elevation except for high water periods.  Due 
to this a day-by-day comparison between piezometer W14 and piezometers located 
deeper within the foundation soil cannot be made; only comparisons between total head 
peaks during high water levels can be made.   
Total heads in embankment 2 during peak periods are very similar to those in 
piezometer W14, as seen in a portion of the centerline piezometer readings that were 
magnified in Figure 6.22.  Changes in total head of the piezometer at roadway centerline 
are almost identical to changes in total head at W14, which represents water level 
changes in Limestone Run.  All other piezometers located in embankment 2 follow this 
same pattern.   Based on this information the foundation soils under embankment 2 
appear to be highly permeable, showing immediate response to water levels in Limestone 
Run.      
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Figure 6.20 Total Head, Embankment 2, all piezometers. 
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Figure 6.21 Total Head, Embankment 2, centerline piezometer. 
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Figure 6.22 Total Head, Embankment 2, centerline piezometer (magnified). 
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6.6 Summary 
Vibrating wire piezometers were installed in the foundation soil to monitor pore 
water pressures for stability analysis during the construction period of the project.  
Piezometers W1 through W13 were placed adjacent to inclinometers, with two additional 
piezometers (W14 & W15) placed in the crushed rock backfill near the base of each 
retaining wall to directly measure pressures due to water levels in Limestone Run.   
Both piezometers W14 and W15 show pore pressure peaks that occur during the 
same periods, generally on the same day, suggesting that these piezometers respond 
directly to water levels in Limestone Run.  During most periods the water level in 
Limestone Run is below the evaluation of W14 and W15 and these piezometers record 
approximately zero pressure. 
Embankment 1 pressures were between 0 and 15 kPa (0 and 313 psf) for most 
piezometers.  Peaks generally coincide with peaks in water levels in Limestone Run.  
Pore pressures showed no appreciable seasonal changes and no appreciable increases 
when fill was placed.  Total heads in the foundation soils beneath embankment 1 during 
periods of high water are very similar to those in piezometer W15, which measured water 
levels in Limestone Run.  Based on the results the foundation soils appear to be fairly 
permeable, dissipating excess pore water pressures and responding rapidly to changes in 
Limestone Run water level. 
Embankment 2 pressures were between 0 and 20 kPa (0 and 418 psf) for most 
piezometers.  Peaks generally coincided with peaks in water levels in Limestone Run. 
Pore pressures at the locations of W9 and W10 showed appreciable seasonal changes but 
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no appreciable increases when fill was placed (for the latter see Figures 6.6 and 6.11). All 
other locations showed no appreciable seasonal changes and no appreciable increases 
when fill was placed.  Total heads in the foundation soils beneath embankment 2 during 
peak periods were very similar to those in piezometer W14, which measured water levels 
in Limestone Run.  Based on these results the foundation soils appear to be fairly 
permeable dissipating excess pore water pressures and rapidly responding to changes in 
Limestone Run water level. 
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CHAPTER 7 
TARRTOWN INCLINOMETERS 
7.1 Introduction 
Inclinometers were placed in two rows perpendicular to the centerline on each 
embankment.  Horizontal movements of the embankment were recorded manually using 
an inclinometer torpedo which is placed inside the inclinometer casing and measures tilt 
at certain heights.  Only the inclinometers located in the side slope and toe of each 
embankment are included here.  No significant pattern of horizontal movements occurred 
for the inclinometers on the centerline and these results are not included.  Readings of 
inclinometers were taken by the Pennsylvania Department of Transportation and Apex 
Companies, LLC.  Plots are composed of data interpreted from plots made by the 
Pennsylvania Department of Transportation (PennDOT), not actual field readings.  These 
horizontal movement readings were plotted versus time to show trends of horizontal 
movement over time.  It was not possible to evaluate the validity of these readings other 
than ignoring results that deviated significantly from the general pattern.  
To gain a better understanding of the pattern of movements, horizontal 
displacement at selected depths vs. time was plotted as discussed in the following 
sections.   
7.2 Embankment 1 
The horizontal displacements of inclinometers I1, I5, I6, and I10, at a depth of 1.5 
m (5 ft) below the ground surface (original grade), are plotted in Figure 7.1.  These 
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inclinometers were located at the toe of the embankment and show the largest horizontal 
movements of all installed inclinometers.  Plots were made based on readings at a depth 
of 1.5 m (5 ft) below original grade due to the irregular and missing data for points above 
this depth.  Negative displacement signifies outward movement.   
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Figure 7.1 Inclinometer readings outward (-) and inward (+), 1.5 m (5 ft) below original 
grade, toe of embankment 1. 
 
Most of the movement measured occurred during construction, with some 
additional displacement occurring while overburden was present.  Inclinometers I01, I05 
and I06 also show small outward movements right before the completion of pavement, 
which may have been caused by paving.  Only inclinometer I01 shows a long term trend 
of outward movement, though this movement is only 0.6 to 0.8 cm (0.25 to 0.33 in.) 
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which is beyond the accuracy of the measurements themselves.  Maximum displacement 
was recorded at inclinometer I01, with a total outward movement of 5.1 cm (2 in.). 
The horizontal displacements of inclinometers I2, I4, I7, and I9, are plotted in 
Figure 7.2.  These inclinometers do not show consistent horizontal movements.  Readings 
were not taken very often at these locations, and the readings that were taken show 
considerable scatter, as can be seen in Figure 7.2.  Plots were made based on readings at a 
depth of 1.5 m (5 ft) below original grade due to the irregular and missing data for points 
above this depth.  Negative displacement signifies outward movement.  Due to the scatter 
of the data no trends can be found in the measurements. 
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Figure 7.2 Inclinometer readings outward (-) and inward (+), 1.5 m (5 ft) below original 
grade, side slope of embankment 1. 
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7.3 Embankment 2 
The horizontal displacements of inclinometers I11, I15, I16, and I20, at a depth of 
1.8 m (6 ft) below ground surface (original grade), are plotted below in Figure 7.3.  These 
inclinometers were located at the toe of the embankment and showed some horizontal 
movements.  Plots were made based on readings at a depth of 1.8 m (6 ft) due to the 
irregular and missing data for points above this depth.  Negative displacement signifies 
outward movement. 
Most of the movement measured occurred during construction, with additional 
displacement from overburden occurring at only one inclinometer, I15.  Inclinometers 
I15 and I16 show very small long term trends, though this movement is only 0.6 to 0.8 
cm (0.25 to 0.33 in.) which is beyond the accuracy of the measurements themselves. 
Maximum displacement was recorded at inclinometer I15, with a total outward 
movement of 5.1 cm (2 in.). 
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Figure 7.3 Inclinometer readings outward (-) and inward (+), 1.8 m (6 ft) below original 
grade, toe of embankment 2. 
 
The horizontal displacements of inclinometers I12, I14, I17, and I19, are plotted 
in Figure 7.4.  These inclinometers were located on the side slope of the embankment and 
showed varied horizontal movements.  Plots were made based on readings at a depth of 
1.5 m (5 ft) due to the irregular and missing data for points above this depth.  
Inclinometer I14 shows the greatest displacement, with a little over 8.4 cm (3.3 in.) of 
outward movement. 
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Figure 7.4 Inclinometer readings outward (-) and inward (+), 1.5 m (5 ft) below original 
grade, side slope of embankment 2. 
 
7.4 Summary 
Inclinometers were placed in two rows perpendicular to the centerline on each 
embankment.  Horizontal movements of the embankment were recorded manually using 
an inclinometer torpedo. 
In embankment 1, outward movements were greatest at the embankment toe.  
Most of the movement measured occurred during construction, with some additional 
displacement occurring while overburden was present.  Inclinometers I01, I05 and I06 
also show small outward movements right before the completion of pavement, which are 
thought to be due to paving activities.  None of these inclinometers show any significant 
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long term outward movements.   Maximum displacement was recorded at inclinometer 
I01, with a total outward movement of 5.1 cm (2 in.). 
In embankment 2, outward movements were greatest at the embankment toe.  
Most of the movement measured occurred during construction, with additional 
displacement from overburden occurring at only one inclinometer, I15.  Inclinometers 
I15 and I16 show very small long term trends, though this movement is only 0.6 to 0.8 
cm (0.25 to 0.33 in.) which is beyond the accuracy of the measurements themselves. 
Maximum displacement was recorded at inclinometer I14, with a total outward 
movement of 8.1 cm (3.2 in). 
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CHAPTER 8 
TARRTOWN TEMPERATURE IN TDA LAYER 
Temperature readings were taken in the TDA layer with thermistors.  The results 
are discussed in this section with the objective of confirming that the TDA did not 
experience self-heating, and also the extent to which the temperature followed seasonal 
temperature changes. 
No data processing was required for this data since the output from the data 
collection device was in degrees Celsius. 
8.1 Embankment 1 
Temperatures for each thermistor located in embankment 1 are plotted in Figures 
8.1 to 8.12.   The most evident trend is a pattern of seasonal fluctuation of the 
temperatures.  The amplitude of seasonal temperature variation was typically between 10 
and 25˚C (18 and 45˚F).  The seasonal temperature variation is clearly evident even for 
thermistors located further from the embankment surface such as T5 (Figure 8.5) and T11 
(Figure 8.11).  The maximum temperature in the TDA occurred in late August to early 
October, i.e., somewhat delayed from the peak air temperature that actually occurred in 
July and August.  The thermistors furthest from the embankment surface (T5 and T11) 
experienced the greatest delay.  A similar delay was observed for the minimum 
temperatures.   
The highest temperature read in the TDA layers was about 25˚C (77˚F).  This is 
well below the combustion temperature of TDA of 500˚C (932˚F) (Humphrey, 2006) and 
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thermal decomposition temperature of 150˚C (302˚F).  A few of the thermistors showed 
slight increases in the seasonal peak temperatures with passing summers.  This is most 
evident for T8 (Figure 8.8) which reached a peak temperature of 15 ˚C (59 ˚F) after the 
summer of 2004, 19 ˚C (66 ˚F) after the summer of 2005, and 23 ˚C (73 ˚F) after the 
summer of 2006.  This may indicate that a small amount of heat is being generated by the 
TDA or that the embankment is not yet in equilibrium with the naturally occurring 
temperature regime.  None the less, with a peak in temperature of 23 ˚C (73 ˚F) and 
distinct seasonal fluctuation in temperature, there is no cause for concern. 
Inundation of a TDA fill during a flood event was proposed by Humphrey (1996) 
as a possible factor that contributed to self-heating of TDA.  This was proposed because a 
TDA embankment in Garfield County, Washington was subject to a 25 year flood and 
subsequently experienced a serious heating reaction.  The Tarrtown project was designed 
so that the bottom of the TDA fill would be 0.6 m (2 ft) above the 100 year flood level.  
Despite this precaution, a flood during September of 2004 inundated the lower TDA 
layers of both embankments.  Examination of Figures 8.1 through 8.12 has shown that 
this event has had no effect on the temperature of the TDA fill.  
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Figure 8.1 Changes in temperature for termistor T1, upper left side of TDA layer, 
Station 204+50. 
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Figure 8.2 Changes in temperature for termistor T2, upper middle of TDA layer, Station 
204+50. 
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Figure 8.3 Changes in temperature for termistor T3, upper right side of TDA layer, 
Station 204+50. 
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Figure 8.4 Changes in temperature for termistor T4, lower left side of TDA layer, 
Station 204+50. 
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Figure 8.5 Changes in temperature for termistor T5, lower middle of TDA layer, Station 
204+50. 
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Figure 8.6 Changes in temperature for termistor T6, lower left side of TDA layer, 
Station 204+50. 
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Figure 8.7 Changes in temperature for termistor T7 upper left side of TDA layer, Station 
204+00. 
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Figure 8.8 Changes in temperature for termistor T8, upper middle of TDA layer, Station 
204+00. 
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Figure 8.9 Changes in temperature for termistor T9, upper right side of TDA layer, 
Station 204+00. 
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Figure 8.10 Changes in temperature for termistor T10, lower left side of TDA layer, 
Station 204+00. 
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Figure 8.11 Changes in temperature for termistor T11, lower middle of TDA layer, 
Station 204+00. 
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Figure 8.12 Changes in temperature for termistor T12, lower right side of TDA layer, 
Station 204+00. 
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8.2 Embankment 2 
Temperatures for each thermistor located in embankment 2 are plotted in Figures 
8.13 to 8.28.  Two of the installed thermistors (T21 and T22) were excluded from 
evaluation due to malfunction shortly after installation. The most evident trend is a 
pattern of seasonal fluctuation of the temperatures in both layers of TDA.  The amplitude 
of seasonal temperature variation was typically between 5 and 15˚C (9 and 27˚F) with 
greater fluctuation occurring at the upper TDA layer.  The seasonal temperature variation 
is clearly evident even for thermistors located further from the embankment surface such 
as T17 (Figure 8.17) and T20 (Figure 8.20).  The maximum temperature in the TDA 
occurred in late August to early October in the upper TDA layer and in December to 
January in the lower TDA layer, i.e., delayed from the peak air temperature that actually 
occurred in July and August.  The thermistors furthest from the embankment surface 
(T17 and T20) experience the greatest delay.  A similar delay is observed for the 
minimum temperatures.   
The highest temperature read in the TDA layers was about 20 ˚C (68 ˚F).  This is 
well below the combustion temperature of TDA of 500 ˚C (932 ˚F) (Humphrey, 2006) 
and thermal decomposition temperature of 150˚C (302˚F).  None of the thermistors 
showed any appreciable peak temperature increase over time.  With a peak in temperature 
of 20˚C (73˚F) and distinct seasonal fluctuation in temperature, there is no cause for 
concern of self-heating. 
Inundation of a TDA fill during a flood event was proposed by Humphrey (1996) 
as a possible factor that contributed to self-heating of TDA.  This was proposed because a 
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TDA embankment in Garfield County, Washington was subject to a 25 year flood and 
subsequently experienced a serious heating reaction.  The Tarrtown project was designed 
so that the bottom of the TDA fill would be 0.6 m (2 ft) above the 100 year flood level.  
Despite this precaution, a flood during September of 2004 inundated the lower TDA 
layers of both embankments.  Examination of Figures 8.13 through 8.28 has shown that 
this event has had no effect on the temperature of the TDA fill. 
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Figure 8.13 Changes in temperature for termistor T13, left side of upper TDA layer, 
Station 207+00. 
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Figure 8.14 Changes in temperature for termistor T14, middle of upper TDA layer, 
Station 207+00. 
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Figure 8.15 Changes in temperature for termistor T15, right side of upper TDA layer, 
Station 207+00. 
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Figure 8.16 Changes in temperature for termistor T16, upper left side of lower TDA layer, 
Station 207+00. 
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Figure 8.17 Changes in temperature for termistor T17, upper middle of lower TDA layer, 
Station 207+00. 
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Figure 8.18 Changes in temperature for termistor T18, upper right side of lower TDA 
layer, Station 207+00. 
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Figure 8.19 Changes in temperature for termistor T19, lower left side of lower TDA layer, 
Station 207+00. 
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Figure 8.20 Changes in temperature for termistor T20, lower middle of lower TDA layer, 
Station 207+00. 
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Figure 8.21 Changes in temperature for termistor T23, middle of upper TDA layer, 
Station 208+00. 
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Figure 8.22 Changes in temperature for termistor T24, right side of upper TDA layer, 
Station 208+00. 
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Figure 8.23 Changes in temperature for termistor T25, upper left side of lower TDA layer, 
Station 208+00. 
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Figure 8.24 Changes in temperature for termistor T26, upper middle of lower TDA layer, 
Station 208+00. 
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Figure 8.25 Changes in temperature for termistor T27, upper right side of lower TDA 
layer, Station 208+00. 
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Figure 8.26 Changes in temperature for termistor T28, lower middle of lower TDA layer, 
Station 208+00. 
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Figure 8.27 Changes in temperature for termistor T29, lower middle of lower TDA layer, 
Station 208+00. 
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Figure 8.28 Changes in temperature for termistor T30, lower middle of lower TDA layer, 
Station 208+00. 
8.3 Summary 
Temperature readings were taken in the TDA layer with thermistors.  The object 
of the thermistors was to confirm that the TDA did not experience self-heating, and also 
the extent to which the temperature followed seasonal temperature changes. 
In embankment 1 the most evident trend was a pattern of seasonal fluctuation of 
the temperatures.  This seasonal temperature variation was typically between 10 and 25˚C 
(18 and 45˚F). The maximum temperature in the TDA of 23˚C (73˚F) occurred in late 
August to early October, i.e., somewhat delayed from the peak air temperature that 
actually occurred in July and August.  Inundation of the TDA material with water during 
a flood in September of 2004 had no apparent effect on the temperature of the TDA fill. 
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In embankment 2 the most evident trend was a pattern of seasonal fluctuation of 
the temperatures.  This seasonal temperature variation was typically between 5 and 15˚C 
(9 and 27˚F) with greater fluctuation occurring at the upper TDA layer. The maximum 
temperature in the TDA of 20˚C (68˚F) occurred in late August to early October, i.e., 
somewhat delayed from the peak air temperature that actually occurred in July and 
August.  The thermistors furthest from the embankment surface experienced the greatest 
delay. As with embankment 1, inundation of the TDA material with water during a flood 
in September of 2004 had no apparent effect on the temperature of the TDA fill. 
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CHAPTER 9 
TARRTOWN ANALYSIS OF RESULTS 
 Results from pressure cells and settlement instruments were further analyzed and 
the results are presented below.   
9.1 Pressure Cell Analysis 
9.1.1 Introduction 
 Pressures found through use of pressure cells on the retaining walls were analyzed 
in two ways:  (1) to determine pressure distributions, and (2) to estimate resultant forces, 
locations and moments on the walls.  The goal is to compare values measured in the field 
with TDA backfill to theoretical values with complete soil backfill.  This comparison will 
in essence show the benefits and drawbacks of TDA material as backfill. 
9.1.2 Pressure Distribution  
Measured pressures were compared to theoretical at-rest and active pressure 
distributions for three different conditions: after surcharge placement (5/7/04), after 
paving was completed (8/2/05), and the most recent reading (2/4/07).  In plotting pressure 
distributions, linear approximations were assumed between pressure cells since no further 
information is known.  Active pressures were calculated using Rankine’s method with the 
entire embankment being soil with a unit weight of 2 Mg/m3 (125 lb/ft3) and a friction 
angle of 30 degrees.  The back of the wall was assumed to be frictionless.  The active 
earth pressure coefficient (Ka) was calculated using (Das, 2004): 
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Ka = tan2(45-ǿ/2) 
The earth pressure at depth z is then given by: 
σ’ha = z*γs*Ka 
The at-rest earth pressure coefficient Ko was calculated by: 
Ko = 1 - sinΦ 
And the at-rest earth pressure σho at a depth of z is given by: 
σ’ho = z*γs*Ko 
9.1.2.1 Abutment 1 
Abutment 1 contains four pressure cells but pressure cell P1 malfunctioned, thus, 
pressure distributions for the upper part of the TDA layer could not be estimated for two 
of the three dates chosen.   
Measured pressures are compared to theoretical pressures in Figure 9.1.  The 
pressure in the TDA layer, as read by the single functioning pressure cell is greater than 
the theoretical Rankine active pressure with complete soil backfill for all three dates, and, 
for the first date after paving, is greater than the theoretical at-rest earth pressure.  The 
pressures in the TDA layer are lowest for the most recent date suggesting that the earth 
pressures in the TDA are decreasing with time, however there may be seasonal effects as 
will be further discussed in Section 9.2.4.  
 The earth pressures for the underlying soil fill layer range from being greater than 
theoretical active earth pressures with complete soil backfill at pavement completion to 
being much less than the active earth pressures at the last reading.  The trend of 
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decreasing pressure with time is similar to that seen in the overlying TDA layer and will 
be discussed in Section 9.2.4.   
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Figure 9.1 Pressure distribution on Abutment 1 on three dates 
 
Pressures in the working mat are much less than theoretical active earth pressures, 
however, the latter was calculated assuming that all the overlying material was soil with a 
unit weight of 2 Mg/m3 (125 lb/ft3) and a friction angle of 30 degrees.  Moreover, the fill 
placed against the lowest pressure cell was very coarse gravel and cobbles with angular 
particles, as shown in Figure 9.2.  This material would have a friction angle much greater 
than 30 degrees.  Recalculating the Rankine active earth pressure taking into account the 
lower unit weight of the TDA of 0.8 g/cm3 (50 lb/ft3) and the higher friction angle of the 
fill (assumed 40 degrees) the results in an estimated value of  20.7 kPa (432 lb/ft2).  This 
is roughly half of the theoretical active pressure calculated assuming all soil and a friction 
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angle of 30 degrees, but still is four times greater than the measured value.  It is also 
possible that the pressure cells were unable to accurately measure the pressures of the 
coarse, angular backfill shown in Figure 9.2. 
Both the increased friction angle and the decreased unit weight of overlying 
material play a role in the reduction of lateral pressures in the soil and rockfill at the 
bottom of the wall.  The active earth pressure coefficients (Ka) assuming two different 
friction angles are given in Table 9.1. 
Table 9.1 Ka values for different soil friction angles as estimated for the soil backfill 
Friction Angle Ka Value 
30 degrees 0.333 
40 degrees 0.217 
 
Assuming a lower Ka of 0.217, there would be a 35% reduction in the calculated 
active earth pressure.  Assuming a lower unit weight of the material due to TDA at 0.8 
Mg/m3 (50 lb/ft2), there would be a 18% reduction in the calculated active earth pressure.  
Combined, both reductions result in an active earth pressure that is 42% less than original 
assumed conditions. 
Horizontal stress (pressure) and calculated vertical stress were used to calculate 
K, which is the horizontal stress divided by vertical stress.  The results are discussed in 
Section 9.2.2.   
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Figure 9.2 Rockfill placed against lowest pressure cell. 
 
9.1.2.2 Abutment 2 
Abutment 2 contains six pressure cells, all of which functioned properly 
throughout the period covered by this thesis.  Measured pressures are compared to 
theoretical pressures assuming all soil fill in Figure 9.3.   
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Figure 9.3 Pressure distribution on Abutment 2, three significant project events.  
 
The pressures in the TDA layer, as read by three pressure cells are less than the 
theoretical Rankine active pressures with complete soil backfill at two of the three 
locations.  Pressures on the bottom pressure cell in the TDA layer are greater than the 
theoretical Rankine active earth pressures but less than theoretical at-rest pressures.  
Pressures in the TDA declined from initial reading analyzed (after surcharge) to the last 
reading taken.   This decline will be examined in Section 9.2.4 
The earth pressures for the middle soil fill layer are very close to theoretical 
Rankine active earth pressures with complete soil backfill. The earth pressures for the 
underlying soil fill layer are much less than theoretical Rankine active earth pressures for 
all three dates chosen.  Pressures in the working mat are much less than theoretical active 
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earth pressures, however, the latter was calculated assuming that all the overlying 
material was soil with a unit weight of 2 Mg/m3 (125 lb/ft3).  Moreover, the fill placed 
against the lowest pressure cell was very coarse gravel and cobbles with angular particles, 
as shown in Figure 9.2.  This material would have a friction angle much greater than 30 
degrees.  Recalculating the Rankine active earth pressure taking into account the low unit 
weight of the TDA and the higher friction angle of the fill (assumed 40 degrees) results in 
an estimated value of 22.7kPa (473 lb/ft2).  This is roughly half of the theoretical active 
pressure calculated assuming all soil and a friction angle of 30 degrees, but still is four 
times greater than the measured value.  This value compares somewhat better with the 
measured values at the bottom of the wall, in the soil fill material, which range from 4.5 
to 9.5kPa (94 to 178 lb/ft2).  It is also possible that the pressure cells were unable to 
accurately measure the pressures of the coarse, angular backfill shown in Figure 9.2. 
Assuming a lower Ka of 0.22, there would be a 35% reduction in the calculated 
active earth pressure.  Assuming a lower unit weight of the material due to TDA at 0.8 
Mg/m3 (50 lb/ft2), there would be a 22% reduction in the calculated active earth pressure.  
Combined, both reductions result in an active earth pressure that is 47% less than original 
assumed conditions. 
Some of the pressures decreased with time from the initial point of surcharge 
placement through the end of the period covered by Figure 9.3.  This will be discussed 
further in Section 9.2.4. 
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9.1.3 Earth Pressure Coefficients  
Horizontal stress (pressure) and calculated vertical stress were used to calculate 
the earth pressure coefficient (K), which is the horizontal stress divided by vertical stress.  
The vertical stress was calculated using a unit weight of 2 Mg/m3 (125 lb/ft3) for soil and 
pavement layers, and 0.8 Mg/m3 (50 lb/ft3) for TDA layers.   
9.1.3.1 Abutment 1 
Values of K are shown for the after paving date of 8/5/05 in Figure 9.4. The line 
for K of 0.33 is shown for comparison. Values of K are also listed in Table 9.2.  The K 
values after paving for P2 (TDA) and P3 (soil) were both higher than expected based on 
Rankine active conditions for a material with a friction angle of 30 degrees.  Forces in the 
rockfill working mat resulted in very low K values.  As stated previously, it is possible 
that the pressure cells were not able to accurately measure the horizontal stress of the 
rockfill. 
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Figure 9.4 Calculated vertical stress of soil and TDA (125pcf, 50pcf) compared with 
horizontal measured stress after paving (8/2/05). 
 
Table 9.2 Earth pressure coefficients after paving (8/2/05), calculated using vertical and 
horizontal stress values plotted in Figure 9.4. 
Pressure 
Cell 
Horizontal 
Stress  
kPa (lb/ft2) 
Vertical Stress 
kPa (lb/ft2) 
K-Value 
(after 
pavement) 
P1 (TDA) 6.32 (132) 50.87 (1062) 0.12* 
P2 (TDA) 39.68 (829) 54.42 (1137) 0.69 
P3 (soil) 41.39 (864) 69.00 (1441) 0.60 
P4 (soil) 4.29 (90) 95.39 (1992) 0.05 
  *Pressure cell P1 readings not reliable 
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9.1.3.2 Abutment 2 
Values of K are shown for the after paving date of 9/3/05 in Figure 9.5. The line 
for K of 0.33 is shown for comparison. Values of K are also listed in Table 9.3.  The K 
value after paving for P8 (TDA) was higher than expected based on Rankine active 
conditions for a material with a friction angle of 30 degrees.  Forces in the rockfill 
working mat resulted in very low K values, much lower than theoretical values, as 
occurred at abutment 1.   
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Figure 9.5 Calculated vertical stress of soil and TDA (125pcf, 50pcf) compared with 
horizontal measured stress after paving (9/3/05). 
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Table 9.3 Earth pressure coefficients after paving (9/3/05), calculated using vertical and 
horizontal stress values plotted in Figure 9.5. 
Pressure 
Cell 
Horizontal 
Stress  
kPa (lb/ft2) 
Vertical Stress 
kPa (lb/ft2) 
K-Value 
P5 (soil) 14.01 (293) 49.52 (1034) 0.29 
P6 (TDA) 19.99 (417) 59.60 (1245) 0.33 
P7 (TDA) 13.94 (291) 63.58 (1328) 0.22 
P8 (TDA) 39.54 (826) 69.57 (1453) 0.55 
P9 (soil) 19.05 (398) 89.41 (1867) 0.19 
P10 (soil) 9.93 (207) 104.45 (2181) 0.08 
 
9.1.4 Resultant Forces and Moments  
 The resultant horizontal force and the overturning moment at the base of the 
abutment wall stem were estimated from the measured pressures as of the last readings 
available for this thesis (2-4-07).  The pressure was assumed to vary linearly between 
measured data points.  Rankine earth pressures for a material with a friction angle of 30 
degrees was used for the upper portion of the wall where there were no pressure 
measurements  as seen in Figures 9.6 (abutment 1) and 9.7 (abutment 2).  The calculated 
force and moment per unit width are shown in Tables 9.4 and 9.6.  Since pressure cell P1 
was not functioning properly for most of the project monitoring period, including the date 
in question, approximations based theoretical Rankine active pressures were used in its 
place.   
 145 
0 5 10 15 20 25 30 35 40 45 50 55 60 65
Pressure (kPa)
20
18
16
14
12
10
8
6
4
2
0
D
ep
th
 (f
t)
Actual Pressure
Active Earth Pressure (Ka)*
Area of Resultant Force Calculation
5
4
3
2
1
0
D
epth (m
)
Cover Soil
Tire Shreds
Soil Fill
Working Mat
* Theoretical Values based on assumed soil properties (125pcf, 30deg)  
Figure 9.6 Area used for calculation of resultant force and corresponding moment at 
abutment 1, after paving. 
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Figure 9.7 Area used for calculation of resultant force and corresponding moment at 
abutment 2, after paving. 
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9.1.4.1 Abutment 1   
The data for Abutment 1 indicates a lower resultant force on the wall than 
theoretical Rankine active earth pressure with complete soil backfill as seen by 
comparing Tables 9.4 and 9.5.   Due to the higher location of resultant, the moment on 
the footing is greater with measured readings than the theoretical Rankine active earth 
pressure forces.  Theoretical resultant values were calculated based on a complete soil 
backfill with a unit weight of 2 Mg/m3 (125 lb/ft3) and a friction angle of 30 degrees.   
 Table 9.4 Abutment 1 resultant forces and moments per unit width 
 Resultant force 
kN/m (kips/ft) 
Height of resultant 
above base  
m (ft) 
Moment on footing 
kN*m/m (kip*ft/ft) 
Last Reading (2/4/07) 133.9 (9.3) 2.7 (9) 370.5 (83.3) 
 
Table 9.5 Theoretical resultant forces and moments per unit width on Abutment 1 
assuming soil backfill 
 Resultant at-
rest  
kN (kips) 
Resultant 
active  
kN (kips) 
Height of 
resultant 
above base  
m (ft) 
Moment 
at-rest 
kN*m 
(kip*ft) 
Moment 
active 
kN*m 
(kip*ft) 
Abutment #1 207.1 (14.2) 136.7 (9.4) 2.2 (7.1) 443.9 (99.8) 293 (65.9) 
 
The calculated theoretical active and at-rest soil forces are higher than the values 
based on measured stresses by 2% and 55% respectively.  The calculated active moment 
is less than the value based on measured stresses by 21% and the calculated at-rest 
moment is higher than the value based on measured stresses by 20%.  
 147 
9.1.4.2 Abutment 2   
 The data for Abutment 2, containing two TDA layers: a 3-m (10-ft) thick 
layer and an additional 0.3 to 0.8-m (1 to 2.5-ft) thick layer, indicates a lower resultant 
force on the wall than theoretical Rankine active earth pressure with complete soil 
backfill as seen by comparing Tables 9.6 and 9.7.   Despite the higher location of 
resultant, the moment on the footing is also less with measured readings than the 
theoretical Rankine active earth pressure forces.  
Table 9.6 Abutment 2 resultant forces and moments per unit width 
 Resultant force 
kN/m (kips/ft) 
Height of resultant 
above base  
m (ft) 
Moment on footing 
kN*m/m (kip*ft/ft) 
Last Reading (12/23/05) 111.1 (7.6) 3.1 (10.2) 343.8 (77.3) 
 
Table 9.7 Theoretical resultant forces and moments per unit width on Abutment 2 
assuming soil backfill. 
 Resultant at-
rest  
kN (kips) 
Resultant 
active  
kN (kips) 
Height of 
resultant 
above base  
m (ft) 
Moment 
at-rest 
kN*m 
(kip*ft) 
Moment 
active 
kN*m 
(kip*ft) 
Abutment #2 260.7 (17.9)  172 (11.8) 2.4 (7.9) 627 (141) 413.8 (93) 
 
Theoretical resultant values were calculated based on a complete soil backfill with 
a unit weight of 2 Mg/m3 (125 lb/ft3) and a friction angle of 30 degrees.  The calculated 
theoretical active and at-rest soil force is higher than the actual measured value by 55% 
and 134% respectively.  The calculated active and at-rest moment is higher than the 
actual measured moment by 20% and 82% respectively.  The theoretical values can be 
found in Table 9.7. The lower pressures measured in the working mat and bottom soil fill 
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layer are critical factors to explain the measured force and moment being lower than the 
Rankine values. 
 9.1.5 Time Dependent Pressure Changes 
After the completion of paving most of the pressure cells exhibit seasonal changes 
in measured pressure as shown in for pressure cell P2 in Figure 4.2.  Pressures generally 
reach an annual peak in the summer followed by an annual minimum in the winter.  This 
pattern is most likely due to an imprecise temperature correction factor.  These factors are 
supplied by the instrument manufacturer and take into account only the effect of 
temperature on the pressure transducer readings, not the whole pressure cell.  For projects 
with several years of post-construction pressure cell readings, it is possible to use 
measured pressures and temperatures to develop a more accurate temperature correction; 
however, this is not yet possible for the data from this project.  Thus, care must be used to 
take into account apparent seasonal changes in pressure when trying to discern long-term 
trends. 
Pressure readings on five of the cells reached their highest values between 
completion of overburden placement and overburden removal.  This includes P2 (Figure 
4.2), P5 (Figure 4.5), P7 (Figure 4.7), P8 (Figure 4.8), and P9 (Figure 4.9).   P3 (Figure 
4.3) reached its highest value near completion of pavement.  P6 (Figure 4.6) reached its 
highest value during the post construction period.  After accounting for seasonal 
fluctuations, the data for P3, P5, and P9 suggest that the pressures are decreasing with 
time.    
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To gain a clearer understanding of pressure changes over time, the pressure on a 
specific date each year (February 7) is shown in Tables 9.8 and 9.9.  By using the same 
date the effect of seasonal temperature fluctuations would be minimized.   For the cells 
that were functioning during the post construction period, six had lower pressures on 
2/7/07 than a year earlier on 2/7/06.  The opposite was true for the remaining two cells.  
Continued monitoring is needed to better understand long term trends and to develop 
temperature correction factors that remove apparent seasonal fluctuations in pressure. 
Table 9.8 Yearly pressure comparison for each pressure cell located on abutment 1 
Pressure 
Cell 
 Horizontal 
Pressure kPa 
(lb/ft2) 2/7/04  
(during 
construction) 
Horizontal 
Pressure kPa 
(lb/ft2) 2/7/05 
(during 
construction) 
Horizontal 
Pressure kPa 
(lb/ft2) 2/7/06 
(post 
construction) 
Horizontal 
Pressure kPa 
(lb/ft2) 2/7/07 
(post 
construction) 
P1 (TDA) -- -- -- -- 
P2 (TDA) 9.86 (206) 25.66 (536) 29.01 (606) 29.02 (606) 
P3 (soil) 2.42 (51) 10.98 (229) 20.62 (431) 20.07 (419) 
P4 (soil) -0.3 (6) 9.26 (193) 5.26 (110) -- 
 
Table 9.9 Yearly pressure comparison for each pressure cell located on abutment 2 
Pressure 
Cell 
Horizontal 
Pressure kPa 
(lb/ft2) 2/4/04 
(no backfill 
placed) 
Horizontal 
Pressure kPa 
(lb/ft2) 2/4/05 
(during 
construction) 
Horizontal 
Pressure kPa 
(lb/ft2) 2/4/06 
(post 
construction) 
Horizontal 
Pressure kPa 
(lb/ft2) 2/4/07 
(post 
construction) 
P5 (soil) -- -- 11.43 (239) 6.68 (140) 
P6 (TDA)   -- -- 14.77 (309) 19.59 (409) 
P7 (TDA) -- 5.77 (121) 13.71 (286) 13.10 (274) 
P8 (TDA) -- 25.92 (541) 32.84 (686) 31.78 (664) 
P9 (soil) -- 6.06 (127) 11.75 (245) 11.13 (232) 
P10 (soil) -- 0.16 (3) 2.44 (51) 4.05 (85) 
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9.2 Settlement Analysis 
 Settlement of each embankment was monitored using settlement plates and spider 
magnets placed both at layer interfaces and within layers. These instruments were placed 
around each inclinometer casing and monitored manually on a regular basis.  The most 
useful part of the settlement analysis was determining compression of the TDA layer.  
This information is needed by TDA embankment designers to estimate the in place unit 
weight of TDA and the overbuild needed for the top of a TDA layer so the layer 
compresses to the design thickness, once the overburden has been placed.  The results of 
this analysis are presented below.   
9.2.1 Total Compression of TDA Layer 
 TDA layer compression was calculated from the date the full thickness of the 
TDA layer was completed, through winter/spring 2006-2007.  Therefore, compression 
due to self-weight of the TDA had occurred prior the beginning of the layer compression 
presented in this section.  The results are presented below, separated according to 
embankment. 
Percent compression was calculated by first subtracting measured elevations at 
the top and bottom of the TDA layer from the elevation of a datum magnet which was 
anchored in the underlying bedrock, then subtracting the top from the bottom.  This 
resulted in the current layer thicknesses.  These thicknesses were then compared to the 
initial layer thickness and the percent compression was found. 
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9.2.1.1 Embankment 1 
Embankment 1 contains only one layer of TDA.  Six inclinometer casings are 
present in the area containing TDA.  Inclinometers I03 and I08 are located on the 
roadway centerline, while inclinometers I02, I04, I07, and I09 are located on the side 
slope and toe of the embankment.  I02 and I04 are located nearer to the abutment, while 
I07 and I09 are located further from the abutment. The compression of the TDA layer at 
the center of the roadway is shown in Figure 9.8.  As seen in Figure 9.8 compression of 
the TDA layer at the center of the embankment reached a maximum after surcharge was 
placed and began to expand with the removal of the surcharge which was about 0.61 m (2 
ft) of soil.   
Compression of the TDA beneath the side slopes of the embankment exhibited 
different behavior.  Compression of the TDA layer on each side of the embankment is 
almost unchanged from completion of overburden placement to the last set of readings 
included in this thesis as seen in Figure 9.9.  The settlement beneath the side slopes and 
toe would not be expected to be affected by placement and removal of the surcharge, 
which was placed only on the embankment crest.  The compression at I09 showed more 
fluctuations than the other units in this embankment.  The maximum compression of the 
TDA layer ranged from 3% to 16%, with the greatest compression occurring on the side 
of the embankment where I04 and I09 are located.  The first readings of the centerline 
inclinometers were not taken until the soil cover was nearly complete, leading to a 
possible underestimate of the actual compression (I03 - PM3 first read 4/24/04, cover soil 
placement began 4/6/04, completed 4/30/04).  This could be one factor leading to the 
difference in centerline compression from embankment 1 to embankment 2. 
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Figure 9.8 Tire layer compression (+), and expansion (-) in percentage, at centerline of 
embankment 1, inclinometers I03 and I09. 
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Figure 9.9 Tire layer compression (+), and expansion (-) in percentage, at sides of tire 
fill layer of embankment 1, inclinometers I02, I04, I07, and I09. 
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9.2.1.2 Embankment 2 
Embankment 2 contains two layers of TDA.  The first, upper layer, varied in 
placement thickness from 0.3 m (1 ft) at the back face of the retaining wall to 0.76 m (2.5 
ft) at a distance of 61 m (200 ft) from the wall.  The second, lower layer was placed at a 
thickness of 3 m (10 ft) throughout.  Inclinometers I13 and I18 are located on the 
roadway centerline and penetrate both TDA layers.  Inclinometers I12, I14, I17, and I19 
are located beneath the side slopes and toe of the embankment and penetrate only the 
lower TDA layer.  I12 and I14 are located nearer to the abutment, while I17 and I19 are 
located further from the abutment. It was not possible to compute the percent 
compression for Inclinometer I19 because of erroneous initial readings of the settlement 
plate placed on top of the TDA layer.  The reason for these erroneous readings is 
unknown. 
The compression of the upper TDA layer at the center of the roadway is shown in 
Figure 9.10, the compression of the lower TDA layer at the center of the roadway is 
shown in Figure 9.11.   The total compression of the lower TDA layer in embankment 2 
is 5 to 7% greater than compression of the 3-m (10-ft) thick tire layer on corresponding 
embankment 1.  Almost no additional compression occurred from completion of 
surcharge placement to the last reading included in this thesis, except for I13 in the top 
layer which showed some appreciable fluctuations as discussed in Section 9.3.4.  
Compression at the sides of the roadway exhibited similar behavior, seen in Figure 9.12.  
Compression of the tire layer on each side of the embankment remained nearly 
unchanged from completion of overburden placement to the last analyzed set of readings, 
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as discussed in section 9.3.4.  Maximum compression of the bottom TDA layer ranged 
from 3% to 17%, with the greatest compression at inclinometer I19. 
  
8/
21
/0
4
10
/2
0/
04
12
/1
9/
04
2/
17
/0
5
4/
18
/0
5
6/
17
/0
5
8/
16
/0
5
10
/1
5/
05
12
/1
4/
05
2/
12
/0
6
4/
13
/0
6
6/
12
/0
6
8/
11
/0
6
10
/1
0/
06
12
/9
/0
6
2/
7/
07
4/
8/
07
6/
7/
07
24
22
20
18
16
14
12
10
8
6
4
2
0
-2
-4
C
om
pr
es
si
on
 o
f T
ire
 L
ay
er
 (%
)
I13 - Upper Layer
I18 - Upper Layer
Bottom Tire 
Layer Complete
Intermediate Soil
Layer Complete
Top Tire
Layer Complete
Cover Soil
& Overburden
Complete
Paving Complete
Overburden
Removal Begun
 
Figure 9.10 Tire layer compression (+), and expansion (-) in percentage, of upper tire 
layer at centerline of embankment 2, inclinometers I13 and I19. 
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Figure 9.11 Tire layer compression (+), and expansion (-) in percentage, of lower tire 
layer at centerline of embankment 2, inclinometers I13 and I19. 
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Figure 9.12 Tire layer compression (+), and expansion (-) in percentage, at sides of lower 
tire fill layer of embankment 2, inclinometers I12, I14, I19. 
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9.2.2 Predicted and Actual Settlement 
During project design, overbuild due to TDA compression was calculated based 
on a procedure that was published by Humphrey (2005). Humphrey (2005) developed a 
design chart based on actual field results of TDA embankment settlement at the Portland 
Jetport project which used 30.5-cm (12-in.) maximum size TDA and  laboratory testing 
of 9.6-cm (3-in.) minus TDA.  A correction factor was developed to account for larger 
sizes of TDA material used in the field compared to the 9.6-cm (3-in) minus material 
used for laboratory testing.  This correction factor was then applied to laboratory results 
for different overburden pressures and thicknesses to develop the design chart given in 
Figure 9.13.   
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Figure 9.13 Overbuild design chart for Type B shreds (Humphrey, 2005). 
 
Predicted settlement was found by using the design layer thicknesses to estimate 
vertical overburden pressures with a soil unit weight of 2 Mg/m3 (125 lb/ft3) and a TDA 
unit weight of 0.8 Mg/m3 (50 lb/ft3).  Surveyed thicknesses of TDA layers were used. 
These resulting values of TDA settlement found from the design chart are compared with 
actual settlement values as of winter 2006-2007, in Figure 9.14.  Predicted settlement 
values compare very well with actual settlement of all three TDA layers with different 
overburden stresses. 
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Figure 9.14 Measured total settlement as of winter 2006-2007 compared to predicted 
settlement from Humphrey (2005) 
 
Dixon, et al. (2001) presented the measured settlement from an embankment 
constructed by the New York State DOT with a 3-m (10-ft) thick TDA layer with 
overburden of various thicknesses of 0.4 to 4 m (1 ft to 12.5 ft).  The overburden 
consisted of a 1.5-m (4.9-ft) thick subgrade layer with a 1.25 to 2.5-m (4.1 to 9.2-ft) thick 
surcharge layer.  Dixon, et al. (2001) compared the Binghamton results to data from two 
previous projects (Portland Jetport and Merrymeeting Bridge) which had 2 to 3 m (6.6 to 
9.8 ft) of overburden.  Predicted settlements were calculated from the Humphrey (2005) 
design chart, based on the assumption of a 3-m (10-ft) thick TDA layer and the overlying 
fill thicknesses given in Dixon, et al. (2001).  The overlying fill was assumed to have a 
unit weight of 2 Mg/m3 (125 lb/ft3).  These results are compared with results of this study 
and are present in Figure 9.15.   Dixon, et al. (2001) presented the measured settlement 
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from an embankment constructed by the New York State DOT with a 3-m (10-ft) thick 
TDA layer with overburden of various thicknesses. 
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Figure 9.15 Measured TDA layer compression, compared to predicted settlement from 
Humphrey (2005) 
 
9.2.3 Time Dependent Compression of TDA Layer During Surcharge 
 Time dependent compression of the TDA layers during the period when the 
surcharge was left in place is examined in this section.  The purpose of the surcharge and 
loading period was to allow time dependent compression to occur prior to final grading 
and paving.  The project was built to its final design height plus 0.6 m (2 ft) using 
common borrow.  At the end of the surcharge period about 0.6 m (2 ft) of common 
borrow was removed and the base course and pavement was placed.  For embankment 1 
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there was a considerable delay between surcharge removal, base course placement and 
final paving.  
9.2.3.1 Embankment 1 
 Embankment 1 contains only one 3-m (10-ft) thick layer of TDA.  From the time 
of surcharge completion to surcharge removal the TDA layer at centerline (I03 and I08) 
shows no compression, only expansion, opposite of what was estimated to occur, as seen 
in Figure 9.16.  This behavior was unexpected and may have been due to inaccurate 
readings.  Additional rebound occurred upon removal of overburden.   
  For the inclinometers located on the sides of the TDA fill layer, shown in Figure 
9.17 small fluctuations in readings were seen and only small changes in layer thicknesses 
were seen with a maximum of 2% expansion, and 2% compression for inclinometers I04 
and I09, respectively.   
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Figure 9.16 TDA layer compression (+), and expansion (-) in percentage, at centerline of 
TDA layer, embankment 1 during surcharge, inclinometers I03 and I08. 
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Figure 9.17 TDA layer compression (+), and expansion (-) in percentage, sides of TDA 
layer, embankment 1 during surcharge, inclinometers I02, I04, I07, and I09. 
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9.2.3.2 Embankment 2 
 Embankment 2 contains two layers of TDA.  The first, upper layer, varies in 
thickness from 0.3 m (1 ft) at the face of the retaining wall to 0.8 m (2.5 ft) at a distance 
from the wall.  The second, lower layer, was placed at a thickness of 3 m (10 ft) 
throughout.   
From the time of surcharge completion to surcharge removal, the upper layer 
along the embankment centerline, experienced compression, with most of the 
compression occurring immediately after placement of surcharge was completed as seen 
in Figure 9.18.  The greatest compression, of nearly 11%, occurred at inclinometer I13, 
which is located nearer to the abutment.  The large amount of compression is most likely 
due to the limited accuracy in measuring the compression of such a thin layer of TDA. 
Compression during surcharge of the lower layer of TDA shown is in Figure 9.19 
and 9.20.  Compression along the embankment centerline, acted in the same manner as 
the upper layer, showing the greatest compression immediately after surcharge placement 
completion.  The magnitude of this compression was less however, for the lower layer of 
TDA than for the upper layer of TDA, with a maximum compression of about 3.5% 
occurring at I13.  For the inclinometers located on the sides of the TDA layer, as shown 
in Figure 9.20 small fluctuations in readings were seen and only small changes in layer 
thicknesses were seen with a maximum of 2% expansion, and 2% compression for 
inclinometers I14 and I17, respectively.   
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Figure 9.18 TDA layer compression (+), and expansion (-) in percentage, upper TDA 
layer at centerline, embankment 2, during surcharge, inclinometers I13, I18. 
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Figure 9.19 TDA layer compression (+), and expansion (-) in percentage, lower TDA 
layer at centerline, embankment 2 during surcharge, inclinometers I13, I18. 
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Figure 9.20 TDA layer compression (+), and expansion (-) in percentage, at sides of lower 
TDA layer, embankment 2 during surcharge, inclinometers I12, I14, I17 
 
9.2.4 Long Term Compression of TDA Layer 
Long term compression of the TDA is examined in this section.  Percent 
compression was calculated starting the day paving was completed and plotted versus 
elapsed days in both linear and semi-logarithmic (semilog) plots. The results are 
presented below. 
9.2.4.1 Embankment 1 
The long term compression of the TDA layer at the centerline of embankment 1 is 
shown in Figure 9.21 and Figure 9.22 (semilog).  Through day 50 approximately 1.2 to 
1.8% compression occurred.  From day 50 though day 619, I08 experienced an additional 
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0.3% compression, while I03 experienced an additional 1.5% compression.  Best fit lines 
for the semilog graph (Figure 9.22) have similar slopes seen in Table 9.10, indicating 
similar rates of long term compression between both inclinometers. The coefficient of 
determination (R-squared) was determined.  R-squared values for the semilog plot of the 
centerline inclinometers were 0.7 for I03 and 0.5 for I08 suggesting that a linear fit on a 
semilog plot accounts for between about 50 to 70% of the variation in the data. 
Table 9.10 Slopes and R-squared values based on best fit lines of semilog long term 
compression plots at centerline inclinometers, embankment 2 
Inclinometer Slope on semilog plot 
(% comp) 
R-Squared 
Value 
I03 0.011 0.697 
I08 0.007 0.498 
 
Inclinometers located on the sides of the TDA layer show both compression and 
expansion over the 625 day time period as seen in Figures 9.23 and 9.24  
(semilog).  The values range between -2% expansion and 2% compression.  It is possible 
that some of these variations could be due to the accuracy with which the readings could 
be taken. 
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Figure 9.21 Tire layer compression (+), and expansion (-) in percentage, at centerline of 
embankment 1 after paving, inclinometers I03 and I08. 
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Figure 9.22 Tire layer compression (+), and expansion (-) in percentage, at centerline of 
embankment 1 after paving, inclinometers I03 and I08 (semilog).  
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Figure 9.23 Tire layer compression (+), and expansion (-) in percentage, at sides of tire 
fill layer of embankment 1 after paving, inclinometers I02, I04, I07, and I09. 
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Figure 9.24 Tire layer compression (+), and expansion (-) in percentage, at sides of TDA, 
embankment 1 after paving, inclinometers I02, I04, I07, and I09 (semilog). 
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9.2.4.2 Embankment 2 
The long term compression of the upper TDA layer at the centerline of 
embankment 2 is shown in Figures 9.25 and 9.26 (semilog).  Through day 50 
approximately 0.8 to 1.8% compression occurred.  From day 50 though day 600, I18 
experienced an additional 0.4% compression, while I13 experienced an additional 1.2% 
compression.  Best fit lines for the upper layer centerline semilog graph (Figure 9.26) 
have slopes (percent compression per day) that do not match, as seen in Table 9.12, 
indicating the different rates of long term compression between both inclinometers.  
Since the thickness of the upper TDA layer varies with distance from the wall and is very 
thin, reading accuracy has a large influence on results.  Therefore it is likely that results 
for long term compression may have been significantly affected by these inaccuracies. R-
squared values for the semilog plot of the centerline inclinometers were 0.27 and 0.41 
which helps to prove the variability of the settlement from reading to reading.   
  The long term compression of the lower TDA layer at the centerline of 
embankment 2 is shown in Figures 9.27 and 9.28 (semilog).  Through day 50 almost no 
additional compression occurred.  From day 50 though day 600, I18 experienced an 
additional 1.6% compression, while I13 experienced an additional 1.3% compression.  
Best fit lines for the semilog graph (Figure 9.28) have almost identical slopes (seen in 
Table 9.12) as is true with the TDA layer in embankment 1, indicating the same rates of 
long term compression between both inclinometers.  R-squared values for semilog plot of 
the centerline inclinometers were 0.68 and 0.60 proving the small amount long term 
compression to be fairly linear, unlike the upper TDA layer.  Upper and lower centerline 
inclinometers are graphed together and can be seen in Figure 9.29 and 9.30 (semilog).  
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All four of the calculated slopes for long term compression of 3-m  
(10-ft) thick TDA layers at the roadway centerline are very similar (0.007-0.011 % 
comp), indicating that small amounts of long term compression are occurring at similar 
rates in the thicker TDA layers of both embankments. 
Table 9.11 Slopes and R-squared values based on best fit lines of semilog long term 
compression plots at centerline inclinometers, embankment 2 
Inclinometer Slope on semilog 
plot 
(% comp) 
R-Squared 
Value 
I13 - Top 0.030 0.415 
I18 - Top 0.010 0.265 
I13 - Bottom 0.010 0.682 
I18 - Bottom 0.011 0.603 
 
Inclinometers located on the sides of the TDA layer show both compression and 
expansion over the 600 day time period as seen in Figure 9.31 and 9.32.  The values 
range between -1.8% expansion and 1.8% compression.  It is possible that some of these 
variations could be due to the accuracy with which the readings could be taken. 
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Figure 9.25 Tire layer compression (+), and expansion (-) in percentage, of upper tire 
layer at centerline of embankment 2, after paving, inclinometers I13 and I19. 
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Figure 9.26 Tire layer compression (+), and expansion (-) in percentage, of upper tire 
layer at centerline, embankment 2, after paving, inclinometers I13 and I18 (semilog). 
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Figure 9.27 Tire layer compression (+), and expansion (-) in percentage, of lower tire 
layer at centerline of embankment 2 after paving, inclinometers I13 and I19. 
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Figure 9.28 Tire layer compression (+), and expansion (-) in percentage, of lower tire 
layer at centerline, embankment 2 after paving, inclinometers I13 and I18 (semilog). 
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Figure 9.29 Tire layer compression (+), and expansion (-) in percentage, of upper and 
lower tire layer at centerline, embankment 2 after paving, inclinometers I13 and I19. 
 
Figure 9.30 Tire layer compression (+), and expansion (-) in percentage, of upper & lower 
tire layer, centerline, embankment 2 after paving, inclinometers I13 & I18 (semilog). 
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Figure 9.31 Tire layer compression (+), and expansion (-) in percentage, at sides of lower 
tire fill layer of embankment 2 after paving, inclinometers I12, I14, I17 
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Figure 9.32 Tire layer compression (+), and expansion (-) in percentage, at sides of lower 
tire fill layer, embankment 2 after paving, inclinometers I12, I14, I17 (semilog). 
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9.3 Summary 
Results from pressure cells and settlement instruments were further analyzed and 
the results are summarized below.   
Measured pressures in the TDA layer of abutment 1 are more than theoretical 
Rankine active pressures with complete soil backfill.  Earth pressures in the underlying 
soil fill layer range from being greater than theoretical active earth pressures with 
complete soil backfill at pavement completion to being much less than the active earth 
pressures at the last reading. Pressures in the working mat are much less than theoretical 
active earth pressures.  Possible causes for the low pressure on the mat include 
lightweight (TDA) overburden material and high friction angle of the course material 
present in the soil mat.  Combined these factors reduce the theoretical active earth 
pressure by 42%.  The pressures in the TDA layer, as read by three pressure cells in 
abutment 2 are less than the theoretical Rankine active pressures with complete soil 
backfill at two of the three locations. Pressures on the bottom pressure cell in the TDA 
layer are greater than the theoretical Rankine active earth pressures but less than at 
theoretical at-rest pressures.  The earth pressures for the middle soil fill layer are very 
close to theoretical Rankine active earth pressures with complete soil backfill. The earth 
pressures for the underlying soil fill layer are much less than theoretical Rankine active 
earth pressures.  Possible causes for the low pressure on the mat include lightweight 
(TDA) overburden material and high friction angle of the course material present in the 
soil mat.  Combined these factors reduce the theoretical active earth pressure by 47%. 
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K values were calculated for each pressure cell location in abutment 1.  K values 
can be seen in Table 9.2.  The K values after paving for P2 (TDA) and P3 (soil) were 
both higher than expected based on Rankine active conditions for a material with a 
friction angle of 30 degrees.  Forces in the rockfill working mat resulted in very low K 
values, likely due to the inability of the pressure cells to measure pressures in the working 
mat.  K values were calculated for each pressure cell location in abutment 2.  K values 
can be seen in Table 9.3.  The K value after paving for P8 (TDA) was higher than 
expected based on Rankine active conditions for a material with a friction angle of 30 
degrees.  Forces in the rockfill working mat resulted in very low K values, much lower 
than theoretical values, as occurred at abutment 1. 
The resultant horizontal force and the overturning moment at the base of the 
abutment wall stem were estimated from the measured pressures as of the last readings 
available for this thesis (2-4-07).  The data for Abutment 1 indicates a lower resultant 
force on the wall than theoretical Rankine active earth pressure with complete soil 
backfill.  Despite the higher location of resultant, the moment on the footing is also less 
with measured readings than the theoretical Rankine active earth pressure forces.  The 
calculated theoretical active and at-rest soil forces are higher than the values based on 
measured stresses by 23% and 52%, respectively.  The calculated active and at-rest 
moments are higher than the values based on measured stresses by 6% and 42% 
respectively.  The data for Abutment 2 indicates a lower resultant force on the wall than 
theoretical Rankine active earth pressure with complete soil backfill.  Despite the higher 
location of resultant, the moment on the footing is also less with measured readings than 
the theoretical Rankine active earth pressure forces.  The calculated theoretical active and 
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at-rest soil force is higher than the actual measured value by 44% and 63% respectively.  
The calculated active and at-rest moment is higher than the actual measured moment by 
25% and 51% respectively. 
After the completion of paving most of the pressure cells exhibit seasonal changes 
in measured pressure.  Pressures generally reach an annual peak in the summer followed 
by an annual minimum in the winter.  This pattern is most likely due to an imprecise 
temperature correction factor.  Pressure readings on five of the cells reached their highest 
values between completion of overburden placement and overburden removal.  After 
accounting for seasonal fluctuations, the data for P3, P5, and P9 suggest that the 
pressures are decreasing with time. 
TDA layer compression was calculated from the date the full thickness of the 
TDA layer was completed, through winter/spring 2006-2007.  The maximum 
compression of the TDA layer in embankment 1 ranged from 3% to 16%, with the 
greatest compression occurring on the side of the embankment.  The maximum 
compression of the bottom TDA layer in embankment 2 ranged from 3% to 17%.   
During project design, overbuild due to TDA compression was calculated based 
on a procedure that was published by Humphrey (2005).  The resulting values of TDA 
settlement found from the design chart are compared with actual settlement values as of 
winter 2006-2007.  Dixon, et al. (2001) presented the measured settlement from an 
embankment constructed by the New York State DOT with a 3-m (10-ft) thick TDA layer 
with overburden of various thicknesses.  Predicted settlements were calculated from the 
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Humphrey (2005) design chart.  Predicted settlement values compared well with 
measured settlement values. 
Time dependent compression of the TDA layers during the period when the 
surcharge was left in place was examined.  From the time of surcharge completion to 
surcharge removal the TDA layer at centerline (I03 and I08) shows no compression, only 
expansion, opposite of what was estimated to occur.    For the inclinometers located on 
the sides of the TDA fill layer small fluctuations in readings were seen and only small 
changes in layer thicknesses were seen.  From the time of surcharge completion to 
surcharge removal the upper layer of embankment 2, along the embankment centerline, 
experienced compression, with most of the compression occurring immediately after 
placement of surcharge was completed.  The maximum compression was nearly 11%.  
The large amount of compression is most likely due to the limited accuracy in measuring 
the compression of such a thin layer of TDA.  The magnitude of the compression was 
less, for the centerline of the lower layer of TDA than for the upper layer of TDA, with a 
maximum compression of about 3.5%.  For the inclinometers located on the sides of the 
tire fill layer, small fluctuations in readings were seen and only small changes in layer 
thicknesses were seen with a maximum of -2% expansion, and 2% compression. 
The long term compression of the TDA layer at the centerline of embankment 1 
through day 50 was approximately 1.2 to 1.8%.  From day 50 though day 619, I08 
experienced an additional 0.3% compression, while I03 experienced an additional 1.5% 
compression.  Inclinometers located on the sides of the TDA layer show both 
compression and expansion over the 625 day time.  The values range between -2% 
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expansion and 2% compression.  Through day 50 approximately 0.8 to 1.8% compression 
occurred in the upper TDA layer centerline of embankment 2.  This is consistent with the 
results reported by Tweedie, et al. (1997).   From day 50 though day 600, I18 experienced 
an additional 0.4% compression, while I13 experienced an additional 1.2% compression.  
Through day 50 almost no additional compression occurred in the centerline of the lower 
TDA layer.  From day 50 though day 600, I18 experienced an additional 1.6% 
compression, while I13 experienced an additional 1.3% compression.  Inclinometers 
located on the sides of the TDA layer show both compression and expansion over the 600 
day time period.  The values range between -1.8% expansion and 1.8% compression.  
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CHAPTER 10 
CALIFORNIA PROJECT BACKGROUND 
In the following chapters the analysis of data and results of instrumentation on the 
California retaining wall project, located on Route 91, in Riverside, California are 
presented.  The project owner is the California Department of Transportation (CalTrans), 
who designated the project Wall 119.  The scope of the project covered by this thesis is 
limited to the analysis of data and results from data provided by the California Integrated 
Waste Management Board. The analysis includes: analysis of the data for consistency 
and verification that the conversion from the raw instrument readings was correct. 
The Riverside, California retaining wall consists of a reinforced concrete retaining 
wall structure with backfill, overlaid by an additional roadway earth embankment.  There 
are four test sections, denoted as Stations A, B, C, and D.  Three contain a 3-m (10-ft) 
thick layer of TDA and one is a control station containing only soil backfill.  The walls at 
the test sections range in height from 3.4 m (11 ft) to 5.2 m (17 ft). 
Instrument readings were taken during and after construction to gain a better 
understanding of the use of TDA as lightweight retaining wall backfill.  This thesis 
covers data gathered through summer, 2007.  Installation of the instrumentation was 
completed by the onsite contractor, as designed and overseen by Dr. Dana Humphrey.  
Data acquisition services were provided by Dr. Dana Humphrey and Kennec 
Engineering, LLC.  
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10.1 Station A  
Station A contains three pressure cells embedded in the back face of the retaining 
wall.  Four strain gages are located on the tension and compression reinforcement within 
the retaining wall.  A single tilt meter is installed near the top of the exposed face of the 
wall.  The embankment immediately behind Station A is constructed with a single 3-m 
(10-ft) thick layer of TDA underlain by compacted soil.  The TDA layer is overlain by a 
0.61 to 0.91 m (2 to 3 ft) layer of cover soil.  Additional overburden material was placed 
at a thickness of 2.4 to 3 m (8 to 10 ft) during the spring of 2007 to raise the roadway to 
final grade. The embankment contains three thermistors within the TDA backfill.  An as-
build cross section at Station A is shown in Figure 10.1. 
 
Figure 10.1 As-built cross section of Station A (provided by Bryan A. Stirrat & 
Associates) 
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10.2 Station B  
Station B contains three pressure cells embedded in the back face of the retaining 
wall.  Four strain gages are located on the tension and compression reinforcement within 
the retaining wall.  A single tilt meter is installed near the top of the exposed face of the 
wall.  The embankment immediately behind Station B is constructed with a single 3-m 
(10-ft) thick layer of TDA underlain by compacted soil.  The TDA layer is overlain by a 
0.61 to 0.91 m (2 to 3 ft) layer of cover soil.  Additional overburden material was placed 
at a thickness of 2.4 to 3 m (8 to 10 ft) during the spring of 2007 to raise the roadway to 
final grade. The embankment contains three thermistors within the TDA backfill.  An as-
built cross section at Station B is shown in Figure 10.2. 
 
Figure 10.2 As built cross section of Station B (provided by Bryan A. Stirrat & 
Associates) 
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10.3 Station C  
Station C contains three pressure cells embedded in the back face of the retaining 
wall.  Four strain gages are located on the tension and compression reinforcement within 
the retaining wall.  A single tilt meter is installed near the top of the exposed face of the 
wall.  The embankment immediately behind Station C is constructed with a single 3-m 
(10-ft) thick layer of TDA underlain by soil fill.  The TDA layer is overlain by a 0.61 to 
0.91 m (2 to 3 ft) layer of cover soil.  Additional overburden material was placed at a 
depth of 2.4 to 3 m (8 to 10 ft) during the spring of 2007 to raise the roadway to final 
grade. The embankment contains three thermistors within the TDA backfill. An as-built 
cross section at Station C is shown in Figure 10.3. 
 
Figure 10.3 As built cross section of Station C (provided by Bryan A. Stirrat & 
Associates) 
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10.4 Station D  
Station D, the control section, contains three pressure cells embedded in the back 
face of the retaining wall.  Four strain gages are located on the tension and compression 
reinforcement within the retaining wall.  A single tilt meter is installed near the top of the 
exposed face of the wall.  The embankment immediately behind Station D is constructed 
completely with soil backfill.  Additional overburden material was placed at a depth of 
2.4 to 3 m (8 to 10 ft) during the spring of 2007 to raise the roadway to final grade. The 
embankment contains three thermistors within the soil backfill. An as-built cross section 
at Station D is shown in Figure 10.4. 
 
Figure 10.4 As built cross section of Station D (provided by Bryan A. Stirrat & 
Associates) 
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10.5 Instruments Used  
Pressure cells were embedded in the back face of the retaining walls to measure 
horizontal stress generated by the soil and TDA backfill. Strain gages were installed on 
the retaining wall reinforcing steel to measure tension and compression forces within the 
wall generated by the backfill.  Tilt meters were installed on the face of the embankment 
to measure wall movement.  Thermistors were installed in the TDA and in soil (control 
section only) to monitor temperatures within the layers.   
10.6 Instrumentation Layout 
The locations of the instruments are discussed in the following subsections. 
10.6.1 Pressure Cells and Thermistors 
The pressure cells and thermistors were installed at various depths at all test 
sections.  The locations of these instruments can be seen in Figure 10.5.  The horizontal 
location of the thermistors was in the backfill, 1 to 2 m (3.3 to 6.6 ft) from the back face 
of the wall.  The depths of these instruments from ground surface, are listed in Chapters 
11 and 14.   
10.6.2 Tilt Meters 
Tilt meters were installed on the upper outside face of the retaining wall. The 
locations of the four tilt meters, one on each test section is shown in Figure 10.5.  Tilt 
meters were placed a various heights from the base of the wall, these heights are given in 
Chapter 13.   
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Figure 10.5 Pressure cell, temperature sensor, and tilt meter locations, all four stations (Bryan A. Stirrat & Associates) 
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10.6.3 Strain Gages 
Strain gages were installed within the retaining wall on both the compression and 
tension reinforcement.  The location of the gages is shown in Figures 10.1 through 10.4.  
More information on the installed strain gages can be found in Chapter 12. 
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CHAPTER 11 
CALIFORNIA PRESSURE CELLS 
Twelve vibrating wire earth pressure cells were installed to monitor pressures 
exerted on each wall by the embankment fill.  The pressure cells are Roctest model TPC 
(total pressure cell) consisting of an oil-filled pressure pad that is connected by a stainless 
steel tube to a vibrating wire pressure sensor in a strong housing.  Pressures are measured 
based on increased or decreased fluid pressure through the vibrating wire pressure 
transducer.  As of 7/17/07 all twelve pressure cells were functioning properly.   
11.1 Pressure Cell Data Analysis  
Raw vibrating wire pressure cell data was prepared in accordance with the 
technique described in Section 4.1.  
For this project, on site barometric pressure was not recorded, therefore 
barometric pressure corrections were not applied.  Fortunately, barometric pressure 
fluctuates in a narrow range and has a negligible effect when examining backfill pressure 
changes over long periods of time.  Temperature correction factors were applied using the 
temperatures measured by the thermistors that are integral to each pressure cell. 
Each pressure cell has its own unique calibration factors, Cf and CT.  Cf was 
determined for each cell by applying stresses ranging from 0 to 46 kPa (0 to 961 lb/ft2) 
and measuring the resulting LU.  The calibrations for each cell are included in Appendix 
A.   The temperature correction factor determined by the instrument manufacturer was 
used.  These values are also listed in Appendix A. 
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Obtaining accurate initial readings is critical since the pressure is determined from 
the difference between the current reading and the initial reading.  The initial readings of 
LU and temperature were taken to be the average of the readings for 7 days prior to fill 
being placed against the cells.  This procedure minimizes the influence of random 
fluctuations of the data, often called noise, on the initial readings. 
11.2 Pressure Cell Readings  
11.2.1 Station A 
The pressure cells located at Station A were placed in the following order, from 
top to bottom as seen in Figure 10.5: P398, P399, and P397.  The locations of each 
pressure cell, in reference to the top of the wall are: 
 P398 -  1.5 m (5 ft) 
 P399 – 2.4 m (7.9 ft) 
 P397 – 3 m (10 ft) 
All three pressure cells are located in the single 3-m (10-ft) thick layer of TDA.  
The results are shown in Figures 11.1 through 11.3.  The pressure on cell P398, located 
closest to the surface shows a small, steady increase in pressure with time as well as 
seasonal fluctuations as seen in Figure 11.1.  In the spring of 2007 2.4 to 3 m (8 to 10 ft) 
of additional fill was placed, likely causing the sharp increase in pressure seen during this 
period of time in load cell P398 and to a lesser extent in load cells P399 and P397.  This 
will be discussed further in Section 15.1.5. Pressure cell P399 showed the opposite trend 
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over the same period of time, with small, steadily decreasing pressure with time as seen 
in Figure 11.2.   
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Figure 11.1 Pressure on pressure cell P398, located at Station A (depth of 1.5 m (5 ft)) 
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Figure 11.2 Pressure on pressure cell P399, located at Station A (depth of 2.4 m (7.9 ft)) 
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Figure 11.3 Pressure on pressure cell P397, located at Station A (depth of 3 m (10 ft)) 
 191 
 
11.2.2 Station B 
The pressure cells located at Station B were placed in the following order, from 
top to bottom as seen in Figure 10.5: P391, P392, and P393.  The locations of each 
pressure cell, in reference to the top of the wall are: 
 P391 – 1.2 m (4 ft) 
 P392 – 2.1 m (7 ft) 
 P393 – 3.3 m (10.8 ft) 
All three pressure cells are located in single 3-m (10-ft) thick layer of TDA. The 
results are shown in Figures 11.4 through 11.6.  There is little long term change in 
pressure once fill placement was completed, with pressure cells P392 and P393 indicating 
slightly decreasing pressure trends over time as shown in Figure 11.4. In the spring of 
2007 2.4 to 3 m (8 to 10 ft) of additional fill was placed, likely causing the sharp increase 
in pressure seen during this period of time in load cells P391 and P392 and to a lesser 
extent in load cell P393.  This will be further discussed in Section 15.1.5.   
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Figure 11.4 Pressure on pressure cell P391, located at Station B (depth of 1.2 m (4 ft)) 
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Figure 11.5 Pressure on pressure cell P392, located at Station B (depth of 2.1 m (7 ft)) 
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Figure 11.6 Pressure on pressure cell P393, located at Station B (depth of 3.3 m (10.8 ft)) 
 
11.2.3 Station C 
The pressure cells located at Station C were placed in the following order, from 
top to bottom as seen in Figure 10.5: P394, P395, and P396.  The locations of each 
pressure cell, in reference to the top of the wall are: 
 P394 -  1.1 m (3.9 ft) 
 P395 – 2.4 m (7.9 ft) 
 P396 – 3.4 m (11 ft) 
All three pressure cells are located in single 3-m (10-ft) thick layer of TDA.  The 
results are shown in Figures 11.7 through 11.9.  There is little long term change in 
pressure once fill placement was completed, with pressure cells P395 and P396 showing 
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slightly decreasing pressure trends over time.  In the spring of 2007 2.4 to 3 m (8 to 10 ft) 
of additional fill was placed, likely causing the sharp increase in pressure seen during this 
period of time in load cells P394 and P395 and to a lesser extent in load cell P396.  This 
will be further discussed in section 15.1.5.  Pressures in P394 during construction are 
very large.  These large pressures are potentially due to overcompaction and large 
machinery that was used in close proximity to the wall, or the effect of the backfill 
sloping upward above the top of the wall. 
8/
7/
03
10
/2
6/
03
1/
14
/0
4
4/
3/
04
6/
22
/0
4
9/
10
/0
4
11
/2
9/
04
2/
17
/0
5
5/
8/
05
7/
27
/0
5
10
/1
5/
05
1/
3/
06
3/
24
/0
6
6/
12
/0
6
8/
31
/0
6
11
/1
9/
06
2/
7/
07
4/
28
/0
7
7/
17
/0
7
-5
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
Pr
es
su
re
 (k
Pa
)
 
Figure 11.7 Pressure on pressure cell P394, located at Station C (depth of 1.1 m (3.9 ft)) 
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Figure 11.8 Pressure on pressure cell P395, located at Station C (depth  2.4 m (7.9 ft)) 
 
8/
7/
03
10
/2
6/
03
1/
14
/0
4
4/
3/
04
6/
22
/0
4
9/
10
/0
4
11
/2
9/
04
2/
17
/0
5
5/
8/
05
7/
27
/0
5
10
/1
5/
05
1/
3/
06
3/
24
/0
6
6/
12
/0
6
8/
31
/0
6
11
/1
9/
06
2/
7/
07
4/
28
/0
7
7/
17
/0
7
-5
0
5
10
15
20
25
30
35
Pr
es
su
re
 (k
Pa
)
 
Figure 11.9 Pressure on pressure cell P396, located at Station C (depth of 3.4 m (11 ft)) 
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11.2.4 Station D 
The pressure cells located at Station D were placed in the following order, from 
top to bottom as seen in Figure 10.5: P3100, P3101, and P3102.  The locations of each 
pressure cell, in reference to the top of the wall are: 
 P3100 – 0.7 m (2.4 ft) 
 P3101 – 1.6 m (5.1 ft) 
 P3102 – 2.1 m (6.9 ft) 
All three pressure cells are located in conventional soil fill. The results are shown 
in Figures 11.10 through 11.12.  The depth of pressure cell placement in the control 
section is considerably less than the test sections.  There are possible long term trends 
occurring at pressure cells P3101 and P3102, unfortunately there is also much scatter in 
the data.  In the spring of 2007 2.4 to 3 m (8 to 10 ft) of additional fill was placed, likely 
causing the sharp increase in pressure seen during this period of time in load cell P3101.  
No apparent increases in pressure were seen in load cells P3100 and P3102 during this 
same time period.  This will be discussed further in section 15.1.5.  
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Figure 11.10 Pressure on pressure cell P3100, located at Station D (depth of 0.7 m (2.4 ft)) 
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Figure 11.11 Pressure on pressure cell P3101, located at Station D (depth of 1.6 m (5.1 ft)) 
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Figure 11.12 Pressure on pressure cell P3102, located at Station D (depth of 2.1 m (6.9 ft)) 
11.3 Summary 
Twelve vibrating wire earth pressure cells were installed to monitor pressures 
exerted on each wall by the embankment fill.  The pressure cells were installed at various 
depths at all test sections.  As of 7/17/07 all twelve pressure cells were functioning 
properly.   
All three pressure cells at Station A are located in single 3-m (10-ft) thick layer of 
TDA.  Pressures on cell P398, located closest to the surface, show a small, steady 
increase in pressure with time as well as seasonal fluctuations. Load cell P399, located 
near the middle of the TDA layer, showed the opposite trend over the same period of 
time, with small, steadily decreasing pressure with time.  Additional fill placement during 
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the spring of 2007 likely caused the pressure increases seen during this time period in all 
three load cells.   
All three pressure cells at Station B are located in single 3-m (10-ft) thick layer of 
TDA.  There is little long term change in pressure once fill placement was completed, 
with pressure cells P392 and P393 showing slightly decreasing pressure trends over time.  
Additional fill placement during the spring of 2007 likely caused the pressure increases 
seen during this time period in all three load cells. 
All three pressure cells at Station C are located in single 3-m (10-ft) thick layer of 
TDA.  There is little long term change in pressure once fill placement was completed, 
with pressure cells P395 and P396 showing slightly decreasing pressure trends over time.  
Pressures in P394 during construction are higher than expected.  These large pressures 
are potentially due to overcompaction and large machinery that was used in close 
proximity to the back face of the wall, or the effect of the backfill sloping upward above 
the top of the wall. Additional fill placement during the spring of 2007 likely caused the 
pressure increases seen during this time period in all three load cells. 
All three pressure cells at Station D are located in conventional soil fill.  The wall 
height is less than the other sections.  There are possible long term trends occurring at 
pressure cells P3101 and P3102, unfortunately there is much scatter in the data. 
Additional fill placement during the spring of 2007 likely caused the pressure increases 
seen during this time period in load cell P3101. 
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CHAPTER 12 
CALIFORNIA STRAIN GAGES 
12.1 Introduction 
Vibration wire strain gages were placed on the reinforcing steel (rebar) within the 
retaining wall.  Gages were placed on both compression and tension reinforcement to 
determine moments and forces present in the wall.  A total of sixteen gages were 
installed, all of which were still functioning as of the last set of readings analyzed.  Two 
tension and two compression gages were installed at each test station.  The two tension 
gages were averaged, and the two compression gages were averaged to increase the 
consistency of the measurements.  Readings from these gages were in micro-strain (µε).  
These values were converted into strain (ε).   Force was calculated from the strain gages 
by the following method: 
Stress (σ) was calculated assuming a modulus of elasticity (E) of 29,000 kip/in2: 
σ = ε*E 
The force per lineal foot was then calculated: 
F = (σ*A(rebar))/L(rebar spacing) 
For the compression side of the wall, the stress carried by the concrete in the 
compression area was taken into account in force calculations using the modulus of 
concrete and the area around the rebar. The stress on both the concrete and rebar was 
combined to determine the total compressive force.  
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12.2 Station A 
Strain gages located on rebar at Station A were analyzed, averaged and plotted, 
and are shown in Figures 12.1 and 12.2.   Figure 12.1 shows tension (+) and compression 
(-), Figure 12.2 shows absolute values.  Small long term increases in force occurred 
throughout the monitoring period on both tension and compression reinforcement.   From 
June of 2006 until the end of the monitoring period, forces increased.  The increase in 
Spring, 2007 was likely due to the addition of 2.4 to 3 m (8 to 10 ft) of overlying material 
in Spring, 2007 for the roadway expansion project.  Peak forces for tension and 
compression rebar were 90.5 and 81 kN per meter of wall (6.2 and 5.6 kip per foot of 
wall), respectively.  Symbols are located at 25 day increments.  
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Figure 12.1 Station A – tension & compression 
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Figure 12.2 Station A – tension & compression (net force values) 
12.3 Station B 
Strain gages located on rebar at Station B were analyzed, averaged and plotted, 
and are shown in Figures 12.3 and 12.4.   Figure 12.3 shows tension (+) and compression 
(-), Figure 12.4 shows absolute values.  No appreciable long term increases in force 
occurred until June of 2006.  From June of 2006 until the end of the monitoring period 
forces increased.  The increase in Spring, 2007 was likely due to the addition of 2.4 to 3 
m (8 to 10 ft) of overlying material for the roadway expansion project in Spring 2007.  
Figure 12.3 shows a greater incremental increase in force on the compression side of the 
rebar.  Peak forces for tension and compression sides of the rebar were 108 and 59 kN per 
meter of wall (7.4 and 3.9 kip per foot of wall), respectively.  Symbols are located at 25 
day increments.   
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Figure 12.3 Station B – tension & compression 
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Figure 12.4 Station B – tension & compression (net force values) 
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12.4 Station C 
Strain gages located on rebar at Station C were analyzed, averaged and plotted, 
and are shown in Figures 12.5 and 12.6.   Figure 12.5 shows tension (+) and compression 
(-), Figure 12.6 shows absolute values.  No appreciable long term increases in force 
occurred until June of 2006, with a marked decrease in forces on the compression side of 
the rebar.  From June of 2006 until the end of the monitoring period forces did not show 
appreciable increase due to the addition of 2.4 to 3 m (8 to 10 ft) of overlying material for 
the roadway expansion project in Spring, 2007.  Forces calculated based on readings 
taken from the tension side of the rebar were much higher than on the compression side.    
The reason for this discrepancy and the very high forces on the tension rebar are 
unknown.  Peak forces for both tension and compression sides of the rebar are 467 & 45 
kN per meter of wall (32 and 3.1 kip per foot of wall), respectively.  Despite the high 
tensile readings in the reinforcing, the maximum stress on the reinforcing was 12.1 ksi, 
much less then the reinforcement yield strength of 60 ksi.  Symbols are located at 25 day 
increments.   
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Figure 12.5 Station C – tension & compression 
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Figure 12.6 Station C – tension & compression (net force values) 
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12.5 Station D 
Strain gages located on rebar at Station D (control section) were analyzed, 
averaged and plotted, and are shown in Figures 12.7 and 12.8.  Figure 12.7 shows tension 
and compression in relative terms (+/-), Figure 12.8 shows absolute values.  Lower forces 
occur at the control section (conventional soil fill) than occur in the TDA sections.  This 
is largely due to the much shorter wall height of Station D in comparison with wall 
heights for the three TDA test sections (Stations A, B, and C).  No apparent long term 
increases in force occurred.  Peak forces for both tension and compression rebar 
reinforcement were 60 and 31 kN per meter of wall (4.1 and 2.1 kip per foot of wall) 
respectively.  Symbols are located at 25 day increments.  Comparisons between sections 
will be made in Chapter 15. 
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Figure 12.7 Station D – tension & compression 
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Figure 12.8 Station D – tension & compression (net force values) 
 
12.6 Combined Sections 
A comparison of internal wall forces measured by strain gages on the reinforcing 
is made in this section.  A further comparison that accounts for wall height will be made 
in Chapter 15. 
Forces on the tensile rebar reinforcement, as seen in Figure 12.9, are of similar 
magnitudes at three of the four test sections.  Tensile forces on Station C, which is the 
tallest section and contains TDA, are much higher than the other three test sections, 
including the complete soil backfill test Station D.  
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 The forces in the compression reinforcement are compared in Figure 12.10.    
Compressive forces in Stations A and B show a large increase from June of 2006 to July 
of 2007.  This is due in part to the additional fill placed in spring 2007.  Station C shows 
the opposite trend with decreasing compressive force during the same time period.  This 
decrease proceeds until there is actually a small amount of tensile force measured (April, 
2007) and then jumps back to a small amount of compressive force.  This suggests that 
the neutral axis is very close to the compression reinforcement.  This will be further 
discussed in Section 15.2.  Forces in the compressive reinforcement located in test 
Station D (soil fill), showed a very small increase in compressive forces from June 2006 
to July 2007, with forces being less than test Stations A and B, but more than test Station 
C. 
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Figure 12.9 Force in the tension – all test sections 
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Figure 12.10 Force in the compression reinforcement – all test sections 
 
12.7 Summary 
Strain gages were placed on the reinforcing within the retaining wall.  Gages were 
placed to determine moments and forces present in the wall.  A total of sixteen gages 
were installed. Two tension and two compression gages were installed at each test 
station.  The two tension gages were averaged, and the two compression gages were 
averaged to increase the consistency of the measurements. 
Strain gages located at Station A show small long term increases in force 
throughout the monitoring period on both tension and compression reinforcement.  Peak 
forces for both tension and compression reinforcement were 90.5 and 81 kN per meter of 
wall (6.2 and 5.6 kip per foot of wall), respectively. 
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Strain gages located at Station B show no appreciable long term increases in force 
until June of 2006.  From June of 2006 until the end of the monitoring period forces 
increased.  Increases in spring 2007 were likely due to the addition of 2.4 to 3 m (8 to 10 
ft) of overlying material.  Peak forces for both tension and compression sides of the rebar 
were 108 and 59 kN per meter of wall (7.4 and 3.9 kip per foot of wall), respectively. 
Strain gages located at Station C show no appreciable long term increases in force 
occurred until June of 2006, with a marked decrease in forces on the compression side of 
the rebar, not linked to the additional material placed for roadway expansion.  Forces 
calculated based on readings taken from the tension side of the rebar were much higher 
than the compression side.  Peak forces for both tension and compression sides of the 
rebar are 467 and 45 kN per meter of wall (32 and 3.1 kip per foot of wall), respectively. 
Lower forces occur at Station D, the control section (conventional soil fill) than 
occur in the TDA sections.  This is largely due to the much shorter wall height of Station 
D in comparison with wall heights for the three TDA test sections (Sections A, B, and C).  
No apparent long term increases in force occurred.  Peak forces for both tension and 
compression rebar reinforcement were 60 and 31 kN per meter of wall (4.1 and 2.1 kip 
per foot of wall), respectively. 
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CHAPTER 13 
CALIFORNIA TILT METERS 
13.1 Introduction 
A tilt meter was placed on the retaining wall at each of the four test sections.  Tilt 
of the wall was recorded automatically using a data collection device to take hourly 
readings. Daily average readings were provided by Kennec Engineering, LLC.  Linear 
factors were also provided along with readings and resultant readings in degrees were 
calculated.  These resultant readings were found by multiplying the liner factors by the 
change in movement from initial readings.   These horizontal movement readings were 
plotted versus time to show trends of horizontal movement over time.   
13.2 Station A 
One tiltmeter was located 0.26m (0.85 ft) from the top of the 3.96-m (13-ft) tall 
retaining wall section.  Station A, composed of 2.96 m (9.7 ft) of TDA backfill overlain 
by conventional soil backfill, showed a seasonal pattern of wall movement as well as a 
net outward wall movement over time as shown in Figure 13.1. This seasonal fluctuation 
is likely due to changes in backfill moisture content associated with wet and dry seasons 
and seasonal temperature fluctuations of the wall and backfill.  During the dry season, 
desiccation, likely occurs causing the soil backfill to “pull” away from the wall.  During 
the wet season, the opposite likely occurs.   These readings agree with pressure cell 
readings on the upper most pressure cell located on Station A which shows a seasonal 
fluctuation in pressure at the wall face. The maximum measured outward tilt at the 
location of the tiltmeter was 1.6 degrees recorded on May, 21, 2007.  If it is assumed that 
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all the tilt was due to rigid body rotation about the toe, the maximum outward top of wall 
displacement was 4.35 in. (111 mm).  This corresponds to a rotation of 0.028H, where H 
is the height of the wall measured from the toe.  An additional 2.4 to 3 m (8 to 10 ft) of 
overlying material was placed above the wall in spring 2007 for the roadway expansion 
project.  During this time period a small increase in outward wall movement can be seen, 
contrary to the seasonal decrease in outward wall movement seen in previous years.   
More data will need to be collected to further investigate long term trends. 
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Figure 13.1 Tilt meter readings outward (-) and inward (+), Station A (3.7 m tiltmeter 
height) 
 
13.3 Station B 
One tiltmeter was located 0.37 m (1.21 ft) from the top of the 4.57-m (15-ft) tall 
retaining wall section.  As with Station A, Station B was composed of 2.96 m (9.7 ft) of 
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TDA backfill underlain and overlain by conventional soil backfill.  This station showed 
fluctuating seasonal wall movement as well as a net outward wall movement over time as 
shown in Figure 13.2.  The maximum measured outward tilt at the location of the 
tiltmeter was 1.71 degrees recorded on January 14, 2007.  If it is assumed that all the tilt 
was due to rigid body rotation about the toe, the maximum outward top of wall 
displacement was 5.37 in. (136 mm).  This corresponds to a rotation of 0.03H, where H is 
the height of the wall measured from the toe. An additional 2.4 to 3 m (8 to 10 ft) of 
overlying material was placed above the wall in spring 2007 for the roadway expansion 
project.  During this time period a small increase in outward wall movement can be seen, 
contrary to the seasonal decrease in outward wall movement seen in previous years.   
More data will need to be collected to further investigate long term trends. 
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Figure 13.3 Tilt meter readings outward (-) and inward (+), Station B (4.2 m tiltmeter 
height) 
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13.4 Station C 
One tiltmeter was located 0.38 m (1.25 ft) from the top of the 5.18-m (17-ft) tall 
retaining wall section.  As with Station A, Station C was composed of 2.96 m (9.7 ft) of 
TDA backfill underlain and overlain by conventional soil backfill.  This station showed 
fluctuating seasonal wall movement as well as a net outward wall movement over time.  
The maximum measured outward tilt at the location of the tiltmeter was 1.34 degrees, 
recorded on May, 21, 2007.  If it is assumed that all the tilt was due to rigid body rotation 
about the toe, the maximum outward top of wall displacement was 4.77 in. (121 mm.).  
This corresponds to a rotation of 0.023H, where H is the height of the wall measured 
from the toe.  An additional 2.4 to 3 m (8 to 10 ft) of overlying material was placed above 
the wall in spring 2007 for the roadway expansion project.  During this time period a 
small increase in outward wall movement can be seen, contrary to the seasonal decrease 
in outward wall movement seen in previous years.   More data will need to be collected to 
further investigate long term trends. 
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Figure 13.4 Tilt meter readings outward (-) and inward (+), Station C (4.8 m tiltmeter 
height) 
13.5 Station D 
One tiltmeter was located 0.45 m (1.48 ft) from the top of the 3.35-m (11-ft) tall 
retaining wall section.  Station D was composed of conventional soil backfill.  As with 
the other sections, Station D showed fluctuating seasonal wall movement as well as a net 
outward wall movement over time.  The maximum measured outward tilt at the location 
of the tiltmeter was 1.11 degrees recorded on January 14, 2007.  If it is assumed that all 
the tilt was due to rigid body rotation about the toe, the maximum outward top of wall 
displacement was 2.55 in. (65 mm.).  This corresponds to a rotation of 0.019H, where H 
is the height of the wall measured from the toe.  An additional 2.4 to 3 m (8 to 10 ft) of 
overlying material was placed above the wall in spring 2007 for the roadway expansion 
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project.  During this time no distinct increase in outward wall movement can be seen.  
More data will need to be collected to further investigate long term trends. 
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Figure 13.5 Tilt meter readings outward (-) and inward (+), Station D (2.9 m tiltmeter 
height) 
 
13.6 Combined Sections 
Year over year and maximum outward wall movements from all four tilt meters 
are compared in Table 13.1 below.  Maximum displacements ranged from 0.019H to 
0.030H with the largest displacements occurring during the spring of 2007; prior to 
additional overburden placement at Stations A and D, and after additional overburden 
placement at Stations B & C.     
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Table 13.1 Year over year maximum outward wall movements, all four tilt meters 
Date Station A Station B Station C Station D 
 Deg. Rotation Deg. Rotation Deg. Rotation Deg. Rotation 
1/5/04 -0.2 0.003H -0.17 0.003H -0.16 0.003H -0.15 0.003H 
1/5/05 -0.54 0.009H -0.42 0.007H -0.29 0.005H -0.69 0.012H 
1/5/06 -0.84 0.015H -0.93 0.016H -0.68 0.012H -0.65 0.011H 
1/5/07 -1.23 0.021H -1.39 0.024H -1.05 0.018H -0.86 0.015H 
Max. -1.6 0.028H -1.71 0.030H -1.34 0.023H -1.11 0.019H 
 
Station D, containing complete soil backfill shown the lowest maximum outward 
wall rotation at 0.019H, this coincides with the lower pressures encountered at Station D.   
Station C, the tallest wall section, had a maximum displacement of 0.023H, very close to 
displacements at Station D. Stations A and B were 0.028H and 0.030H respectively.   
13.7 Summary 
Wall movements for all four test sections showed comparable results on a 
movement per unit height basis.  Overall, wall movements ranged from a maximum of 
65mm (2.55in.) to 136mm (5.37 in.). Wall movements showed some long term outward 
deformation.  Movements also fluctuated with season with the largest outward 
movements occurring during the winter and early spring when temperatures were lower 
and rainfall higher.  Additional placement of overburden during the spring of 2007 also 
played a role in the outward deformations of Stations A through C from spring 2007 to 
present.  An apparent increase in displacement with time can be seen along with seasonal 
fluctuations.  Unfortunately it is unclear whether these increased displacement trends are 
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actually long term movements, or due to this additional overburden material.  More data 
will need to be collected to further investigate long term trends.   
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CHAPTER 14 
CALIFORNIA TEMPERATURE IN TDA LAYER 
Temperature readings were taken in the TDA layer with thermistors at Stations A, 
B, and C.  At Station D, temperature readings were taken in the soil backfill.  The results 
are discussed in this section with the object of confirming that the TDA did not 
experience self-heating, and also the extent to which the temperature followed seasonal 
temperature changes. 
No data processing was required for this data since the output from the data 
collection device was in degrees Celsius. 
14.1 Station A 
Temperatures for each thermistor located in Station A are plotted in Figures 14.1 
through 14.3.   Each thermistor is located 1 to 2 m (3.3 to 6.6 ft) from the back face of the 
wall within the TDA layer at an elevation corresponding to a pressure cell, as follows: 
• T334 (depth = 1.2 m (4 ft)) – adjacent to P398 
• T335 (depth = 2.1 m (6.9 ft)) – adjacent to P399 
• T336 (depth = 3.0 m (9.9 ft)) – adjacent to P397  
The most evident trend for all three thermistors is a pattern of seasonal fluctuation 
of the temperatures.  The amplitude of seasonal temperature variation was typically 
between 15 and 24˚C (26 and 43˚F).  The maximum temperature in the TDA occurred in 
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late July to August similar to the period when outside air temperatures reached their peak.  
This is most likely due to the proximity of the thermistors to the outside face of the wall.  
The highest temperature read in the TDA layers was about 37˚C (99˚F).  This is 
well below the combustion temperature of TDA of 500˚C (932˚F) (Humphrey, 2006) and 
thermal decomposition temperature of 150˚C (302˚F).  None of the thermistors showed 
increases in the seasonal peak temperatures with passing summers indicating that there 
were no long term temperature increases occurring in the TDA fill.   
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Figure 14.1 Changes in temperature for thermistor T334, Station A. 
 
 221 
8/
7/
03
10
/2
6/
03
1/
14
/0
4
4/
3/
04
6/
22
/0
4
9/
10
/0
4
11
/2
9/
04
2/
17
/0
5
5/
8/
05
7/
27
/0
5
10
/1
5/
05
1/
3/
06
3/
24
/0
6
6/
12
/0
6
8/
31
/0
6
11
/1
9/
06
2/
7/
07
4/
28
/0
7
7/
17
/0
7
10
15
20
25
30
35
40
Te
m
pe
ra
tu
re
 (D
eg
 C
el
si
us
)
 
Figure 14.2 Changes in temperature for thermistor T335, Station A. 
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Figure 14.3 Changes in temperature for thermistor T336, Station A. 
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14.2 Station B 
Temperatures for each thermistor located in Station B are plotted in Figures 14.4 
through 14.6.   Each thermistor is located in 1 to 2 m (3.3 to 6.6 ft) from the back face of 
the wall within the TDA layer at an elevation corresponding to a pressure cell, as follows: 
• T328 (depth = 1.3 m (4.1 ft)) – adjacent to P391 
• T329 (depth = 2.3 m (7.6 ft)) – adjacent to P392 
• T330 (depth = 3.3 m (10.7 ft)) – adjacent to P393  
The most evident trend for all three thermistors is a pattern of seasonal fluctuation 
of the temperatures.  The amplitude of seasonal temperature variation was between 10 
and 20˚C (18 and 37˚F).  The maximum temperature in the TDA occurred in late July to 
August similar to the peak air temperature that typically occurs in July and August.  This 
is most likely due to the proximity of the thermistors to the outside face of the wall.    
The highest temperature read in the TDA layers was about 35˚C (95˚F).  This is 
well below the combustion temperature of TDA of 500˚C (932˚F) (Humphrey, 2006) and 
thermal decomposition temperature of 150˚C (302˚F).  None of the thermistors showed 
increases in the seasonal peak temperatures with passing summers indicating that there 
were no long term temperature increases occurring in the TDA fill.   
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Figure 14.4  Changes in temperature for thermistor T328, Station B. 
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Figure 14.5  Changes in temperature for thermistor T329, Station B. 
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Figure 14.6  Changes in temperature for thermistor T330, Station B. 
. 
 
14.3 Station C 
Temperatures for each thermistor located in Station C are plotted in Figures 14.7 
through 14.9.   Each thermistor is located 1 to 2 m (3.3 to 6.6 ft) from the back face of the 
wall within the TDA layer at an elevation corresponding to a pressure cell, as follows: 
• T331 (depth = 1.2 m (3.9 ft)) – adjacent to P394 
• T332 (depth = 2.4 m (7.9 ft)) – adjacent to P395 
• T333 (depth = 3.4 m (11 ft)) – adjacent to P396  
The most evident trend for all three thermistors is a pattern of seasonal fluctuation 
of the temperatures.  The amplitude of seasonal temperature variation was between 10 
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and 20˚C (18 and 36˚F).  The maximum temperature in the TDA occurred in late July to 
August similar to the peak air temperature that typically occurs in July and August.  This 
is most likely due to the proximity of the thermistors to the outside face of the wall.    
The highest temperature read in the TDA layers was about 34˚C (93˚F).  This is 
well below the combustion temperature of TDA of 500˚C (932˚F) (Humphrey, 2006) and 
thermal decomposition temperature of 150˚C (302˚F).  None of the thermistors showed 
increases in the seasonal peak temperatures with passing summers indicating that there 
were no long term temperature increases occurring in the TDA fill.   
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Figure 14.7 Changes in temperature for thermistor T331, Station C. 
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Figure 14.8 Changes in temperature for thermistor T332, Station C. 
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Figure 14.9 Changes in temperature for thermistor T333, Station C. 
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14.4 Station D 
Temperatures for each thermistor located in Station D are plotted in Figures 14.10 
through 14.12.   Each thermistor is located 1 to 2 m (3.3 to 6.6 ft) from the back face of 
the wall within the soil layer at an elevation corresponding to a pressure cell, as follows: 
• T337 (depth = 0.8 m (2.7 ft)) – adjacent to P3100 
• T338 (depth = 1.5 m (4.8 ft)) – adjacent to P3101 
• T339 (depth = 2.2 m (7.2 ft)) – adjacent to P3102  
The most evident trend for all three thermistors is a pattern of seasonal fluctuation 
of the temperatures.  The amplitude of seasonal temperature variation was between 10 
and 22˚C (18 and 44˚F).  The maximum temperature in the soil occurred in late July to 
August similar to the peak air temperature that typically occurs in July and August.  This 
is most likely due to the proximity of the thermistors to the outside face of the wall.   
The highest temperature read in the soil was about 33˚C (91˚F).  Temperatures 
within Station D were very similar to temperatures within the TDA test sections, with a 
very similar peak in temperature and similar seasonal temperature fluctuations.  
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Figure 14.10 Changes in temperature for thermistor T337, Station D. 
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Figure 14.11 Changes in temperature for thermistor T338, Station D. 
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Figure 14.12 Changes in temperature for thermistor T339, Station D. 
 
14.5 Summary 
Temperature readings were taken in the TDA layer with the object of confirming 
that the TDA did not experience self-heating, and also the extent to which the 
temperature followed seasonal temperature changes.  Thermistors were located near the 
wall face.  
The temperature in the three TDA test sections followed a seasonal pattern, 
reaching a maximum temperature in July and August of about 35˚C (95˚F) and a 
minimum temperature in March of 11˚C (52˚F).  The peak temperatures were well below 
the combustion temperature of TDA of 500˚C (932˚F) (Humphrey, 2006) and thermal 
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decomposition temperature of 150˚C (302˚F).  None of the thermistors showed increases 
in the seasonal peak temperatures with passing summers indicating that there were no 
long term temperature increases occurring in the TDA fill. 
 As with the TDA sections, Station D with soil backfill, followed a seasonal 
pattern reaching a maximum temperature in July and August of about 33˚C (91˚F), and 
minimum temperature in March of about 13˚C (56˚F).  The maximum temperature in the 
TDA occurred in late July to August similar to the peak air temperature that typically 
occurs in July and August.  This is most likely due to the proximity of the thermistors to 
the outside face of the wall.  Temperatures in Station D were very similar to all three test 
sections with TDA backfill. 
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CHAPTER 15 
CALIFORNIA ANALYSIS OF RESULTS 
15.1 Introduction 
Results from pressure cells, and strain gages, were further analyzed and the results 
are presented below. Pressure cells were analyzed to determine pressure distributions, 
and to estimate resultant forces, locations of resultants, and moments on each wall 
section.  Strain gages were analyzed to determine tensile and compressive forces and 
moments, and to determine the neutral axis of each wall section.   
15. Pressure Cell Analysis 
15.2.1 Introduction 
 Pressures found through use of pressure cells on the retaining walls were analyzed 
in two ways:  (1) to determine pressure distributions, and (2) to estimate resultant forces, 
location of resultant, and moments on each wall section.  The goal was to compare values 
measured in the field with TDA backfill to theoretical values with complete soil backfill.  
This comparison would in essence show the benefits and drawbacks of TDA as backfill. 
15.2.2 Pressure Distribution  
Measured pressures were compared to theoretical at-rest and active pressure 
distributions for four different dates: 6/30/04, 6/30/05, 6/30/06, and 6/30/07.  In plotting 
pressure distributions linear approximations were assumed between pressure cells since 
no further information is known.  Active pressures were calculated using Rankine’s 
method for a wall with sloping backfill as seen below where α is angle of the sloped 
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backfill, and ǿ’ is the drained soil friction angle.  The measured backfill slope angle of 
each wall was determined from as-built cross sections previously discussed in Figures 
10.1 through 10.4. 
 
At-rest pressures were calculated using the recommended calculation from the 
U.S. Army Corps of Engineers Retaining and Flood Walls Engineers Manual, page 3-11.  
The equation is shown below where β is the angle of the sloped backfill, and ǿ’ is the 
drained soil friction angle. 
 
Where: 
 
The calculations were performed assuming the entire embankment as being soil 
with a unit weight of 2 Mg/m3 (125 lb/ft3) and a friction angle of 30 degrees.  The back of 
the wall was assumed to be frictionless. 
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15.2.2.1 Station A 
Station A contains three pressure cells all of which functioned properly 
throughout the monitoring period and all of which are located within the TDA fill.  
Measured pressures are compared to theoretical pressures in Figure 15.1.  The most 
notable occurrence in the pressure cells was the decrease in pressure with increasing 
depth, opposite theoretical earth pressures.   
The upper pressure cell in the TDA layer was greater, throughout the monitoring 
period, than the other two cells. The pressure at this upper pressure cell increased slightly 
with time until the last reading (6/30/07) where a large increase in pressure was seen due 
to the addition of overburden material during the spring of 2007.  This additional material 
added up to 60 kPa (1250 lb/ft2) of vertical overburden pressure. Pressures at the top of 
the TDA fill correlated well with the theoretical Rankine active earth pressures with 
complete soil backfill for the three dates prior to surcharge placement, from slightly 
below to slightly above.  The pressures in the upper pressure cell were highest for the 
most recent date due to the additional overburden placed. 
Pressures at the middle pressure cell were below theoretical Rankine active earth 
pressures for all dates, including after overburden placement.   There was a noticeable 
decrease in pressure with time at this location, 18.6 to 12.3 kPa (376 to 251 lb/ft2) this 
will be further discussed in Section 15.1.5.  There was no apparent increase from 6/30/06 
to 6/30/07 due to additional overburden placement as is seen at the upper pressure cell. 
Pressures at the lower pressure cell were significantly less than the theoretical 
Rankine active earth pressures with complete soil backfill for all dates, including after 
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overburden placement.  There was no noticeable decrease or increase in pressure with 
time and no apparent increase from 6/30/06 to 6/30/07 due to additional overburden 
placement. 
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Figure 15.1 Pressure distribution on Station A, annual successive dates 
 
15.2.2.2 Station B 
Station B contains three pressure cells all of which have functioned properly 
throughout the monitoring period and all of which are located within the TDA fill.  
Measured pressures are compared to theoretical pressures in Figure 15.2.  The most 
notable occurrence in the pressure cells is the decrease in pressure with increasing depth, 
opposite theoretical earth pressures.   
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The upper pressure cell in the TDA layer was greater, throughout the monitoring 
period than the other two cells. The pressure at this upper pressure cell showed a large 
increase in pressure (6/30/07) due to the addition of overburden material during the 
spring of 2007.  This additional material added up to 60 kPa (1250 lb/ft2) of vertical 
overburden pressure.  Pressures at the top of the TDA fill were greater than the 
theoretical Rankine active and at-rest pressures with complete soil backfill for all four 
dates. The pressures in this upper pressure cell were highest for the most recent date due 
to the additional overburden placed.  
Pressures at the middle pressure cell were also greater than the theoretical 
Rankine active pressure with complete soil backfill for all four dates, but less then at-rest 
pressures for all dates prior to overburden placement, with the highest pressure being 
6/30/07 after additional overburden placement.  Pressures at this cell were fairly constant 
with time, showing no long term increase or decrease in pressure aside from the 
previously mentioned overburden addition. 
 Pressures at the lower pressure cell were less than the theoretical Rankine active 
earth pressure with complete soil backfill for all dates.  There is no noticeable decrease or 
increase in pressure with time and no apparent increase from 6/30/06 to 6/30/07 due to 
additional overburden placement. 
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Figure 15.2 Pressure distribution on Station B, annual succesive dates 
 
15.2.2.3 Station C 
Station C contains three pressure cells all of which have functioned properly 
throughout the monitoring period and all of which are located within the TDA fill.  
Measured pressures are compared to theoretical pressures in Figure 15.3.  Pressures in 
Station C at the top pressure cell were higher than the other sections.  The most notable 
occurrence in the pressure cells is the decrease in pressure with increasing depth, opposite 
theoretical earth pressure values, but similar to the two other test sections with TDA fill.   
The upper pressure cell in the TDA layer was much greater, throughout the 
monitoring period, than the other two cells. The pressure at this upper pressure cell 
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increased slightly with time until the last reading (6/30/07) where a dramatic increase in 
pressure is seen due to the addition of overburden material during the spring of 2007.  
This additional material added up to 60 kPa (1250 lb/ft2) of vertical overburden pressure.  
Pressures at the top of the TDA fill are significantly greater than the theoretical Rankine 
active and at-rest pressures with complete soil backfill for all four dates. The pressures in 
this upper pressure cell are highest for the most recent date due to the additional 
overburden placed. 
Pressures at the middle pressure cell are less than theoretical Rankine active earth 
pressures with soil backfill for all four dates, including the 6/30/07 date after the 
placement of overburden.  Pressures at this cell were fairly constant with time, showing 
no long term increase or decrease in pressure with time aside from the previously 
mentioned overburden addition. 
 Pressures at the lower pressure cell are less than the theoretical Rankine active 
earth pressure with complete soil backfill for all dates.  There is no noticeable decrease or 
increase in pressure with time and no apparent increase from 6/30/06 to 6/30/07 due to 
additional overburden placement. 
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Figure 15.3 Pressure distribution on Station C, annual successive dates 
 
15.2.2.4 Station D 
Station D, which is the control section with soil backfill, contains three pressure 
cells all of which have functioned properly throughout the monitoring period and all of 
which are located in conventional soil fill.  Measured pressures are compared to 
theoretical pressures in Figure 15.4. 
Pressures at the upper pressure cell are similar to Rankine active earth pressures 
for all four readings, showing no marked increase in pressure with the additional 
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overburden placement.  Pressures at the middle pressure cell are less than Rankine active 
earth pressure values.  Pressures at the lower pressure cell are between active and at-rest 
earth pressures with the exception of the first date (6/30/04) where pressures are slightly 
higher than at-rest earth pressures.  None of the locations showed long term increases or 
decreases in pressure. They were actually fairly uniform throughout the monitoring 
period, showing no appreciable pressure increase with additional overburden placement 
which occurred during the spring of 2007.     
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15.2.3 Earth Pressure Coefficients  
Horizontal stress (pressure) and calculated vertical stress were used to calculate 
the earth pressure coefficient (K), which is the horizontal stress divided by vertical stress.  
The vertical stress was calculated using a unit weight of 2 Mg/m3 (125 lb/ft3) for soil and 
0.8 Mg/m3 (50 lb/ft3) for TDA layers.  These values are compared to theoretical Rankine 
active K-values, and NAVFAC at-rest K-values for a soil with a friction angle of 30 
degrees and sloped backfill.  In addition, comparisons are made with previous research 
on TDA by Tweedie, et al. (1997), Humphrey, et al. (2000), and the Tarrtown, PA project 
discussed previously in this thesis. 
15.2.3.1 Station A 
Measured data is shown for the date of 6/30/05 in Figure 15.5. The line for the 
Station A, calculated Rankine active coefficient K of 0.45, accounting for the sloped 
backfill, is shown for comparison. Values of K are also listed in Table 15.1.  The K 
values were higher than Rankine active conditions for two of the three depths.  K values 
decrease with depth.  It is thought that a significant amount of this excess horizontal 
pressure occurring at the upper pressure cells was due to overcompaction of the TDA fill 
by heavy machinery being used up to the back face of the wall. 
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Figure 15.5 Calculated vertical stress of soil and TDA (125pcf, 50pcf) compared with 
horizontal measured stress (6/30/05), Station A. 
 
Table 15.1 Earth pressure coefficients (6/30/05) using vertical and horizontal stress values 
plotted above in Figure 15.5. 
Depth 
 
Horizontal 
Stress  
kPa (lb/ft2)  
Vertical 
Stress  
kPa (lb/ft2) 
K-Value  
1.2 m (4 ft) 11.3 (236) 16.8 (351) 0.67 
2.1 m (6.9 ft) 16.3 (340) 23.7 (495) 0.57 
2.7 m (9 ft) 8.07 (169) 28.7 (599) 0.28 
   
15.2.3.2 Station B 
Measured data is shown for the date of 6/30/05 in Figure 15.6. The line for the 
Station A, calculated Rankine active coefficient K of 0.44, accounting for the sloped 
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backfill, is shown for comparison.  Values of K are also listed in Table 15.2.  The K 
values were higher than Rankine active conditions for two of the three depths.  K values 
decrease with depth.  It is thought that a significant amount of this excess horizontal 
pressure occurring at the upper pressure cells was due to overcompaction of the TDA fill 
with heavy machinery being used up to the back face of the wall. 
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Figure 15.6 Calculated vertical stress of soil and TDA (125pcf, 50pcf) compared with 
horizontal measured stress (6/30/05), Station B. 
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Table 15.2 Earth pressure coefficients (6/30/05) using vertical and horizontal stress values 
plotted above in Figure 15.6. 
Depth 
 
Horizontal 
Stress  
kPa (lb/ft2) 
Vertical 
Stress  
kPa (lb/ft2) 
K-Value  
0.9 m (3 ft) 22.6 (472) 14.4 (300) 1.57 
1.8 m (6 ft) 23.4 (489) 21.5 (450) 1.09 
3 m (9.8 ft) 12.0 (251) 30.6 (640) 0.39 
   
15.2.3.3 Station C 
Measured data is shown for the date of 6/30/05 in Figure 15.7. The line for the 
Station A, calculated Rankine active coefficient K of 0.55, accounting for the sloped 
backfill, is shown for comparison. Values of K are also listed in Table 15.3.  The K 
values were higher than Rankine active conditions for one of the three depths.  K values 
decrease with depth.  It is thought that a significant amount of this excess horizontal 
pressure occurring at the upper pressure cells was due to overcompaction of the TDA fill 
with heavy machinery being used up to the back face of the wall. 
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Figure 15.7 Calculated vertical stress of soil and TDA (125pcf, 50pcf) compared with 
horizontal measured stress (6/30/05), Station C. 
 
 
Table 15.3 Earth pressure coefficients (6/30/05) using vertical and horizontal stress values 
plotted above in Figure 15.7. 
Depth 
 
Horizontal 
Stress  
kPa (lb/ft2) 
Vertical 
Stress  
kPa (lb/ft2) 
K-Value  
0.9 m (2.9 ft) 31.1 (650) 14.1 (294) 2.20 
2.1 m (6.9 ft) 12.7 (265) 23.7 (495) 0.53 
3 m (10 ft) 14.0 (292) 31.1 (650) 0.45 
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15.2.3.4 Station D 
Station D is the control section, containing soil backfill.  Measured data is shown 
for the date of 6/30/05 in Figure 15.8. The line for the Station A, calculated Rankine 
active coefficient K of 0.43, accounting for the sloped backfill, is shown for comparison.  
Values of K are also listed in Table 15.4.  The K values increase with depth and 
compared relatively well with Rankine active conditions with sloped backfill.   
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Figure 15.8 Calculated vertical stress of soil (125pcf) compared with horizontal measured 
stress (6/30/05), Station D. 
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Table 15.4 Earth pressure coefficients (6/30/05) using vertical and horizontal stress values 
plotted above in Figure 15.8. 
Depth 
 
Horizontal 
Stress  
kPa (lb/ft2) 
Vertical 
Stress  
kPa (lb/ft2) 
K-Value 
0.4 m (1.4 ft) 1.51 (32) 8.4 (175) 0.18 
1.3 m (4.1 ft) 11.0 (230) 24.5 (512) 0.45 
1.8 m (5.9 ft) 17.9 (374) 35.3 (737) 0.51 
 
 
15.2.3.5 Combined Results 
All four sections are combined and shown below in Figure 15.9.  Except for three 
pressure cells located in the TDA layer, the majority of the K values in the TDA are 
similar that of the soil control test section and compare well with calculated Rankine 
active earth pressures for sloped backfill walls.  As for the three outlying values, 
overcompaction is thought to be the contributing factor to the high horizontal stresses, 
raising the K values to well beyond passive pressures.  Two of the three higher values are 
upper pressure cells at Stations B and C, while the third is the middle pressure cell at 
Station B.  
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Figure 15.9 Calculated vertical stress compared with measured horizontal stress (6/30/05). 
 
 
15.2.4 Resultant Forces and Moments  
 The resultant horizontal force and the overturning moment at the base of the 
abutment wall stem were estimated from the pressures measured on 6/30/05.  The 
pressure was assumed to vary linearly between measured data points.  Force and moment 
per unit width were calculated as exemplified in Figures 15.10 and 15.11 showing 
Stations A and D.  At depths where pressures could not be measured approximations 
based on theoretical Rankine active pressures were used.    
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Figure 15.10 Area used for calculation of resultant force and corresponding moment at 
Station A, 6/30/05. 
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Figure 15.11 Area used for calculation of resultant force and corresponding moment at 
Station D, 6/30/05. 
 
Values calculated from the measured pressure distributions are shown in Table 
15.5.  Values calculated from theoretical Rankine active and NAVFAC at-rest earth 
pressure distributions with sloped soil backfill are shown in Table 15.6.  Theoretical 
resultant values were calculated based on a complete soil backfill with a unit weight of 2 
Mg/m3 (125 lb/ft3) and a friction angle of 30 degrees as shown in Table 15.6.  Comparing 
Tables 15.5 and 15.6 indicates a lower resultant force on the wall than theoretical 
Rankine active earth pressure with soil backfill for all three stations containing TDA, and 
a slightly higher resultant force on the wall than theoretical Rankine active earth pressure 
with complete soil backfill for the soil backfill Station.    Despite the higher location of 
result forces on all four wall sections, the resultant moments are less than the theoretical 
Rankine active earth pressure moments with sloping soil backfill at Stations A, C, and D, 
Soil Backfill 
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with only Station B having a greater moment than the theoretical active earth pressure 
moment.  All moments were less than theoretical at-rest moments.  Due to the difference 
in wall heights from each wall station values cannot be directly compared. 
Table 15.5 Resultant forces and moments per unit width, all four Stations (6/30/05) 
 Resultant Force 
kN/m (kip/ft) 
Height of Resultant 
m (ft) 
Moment on footing 
kN*m/m (kip*ft/ft) 
Station A 38.5 (2.6) 1.7 (5.4) 63.2 (14.2) 
Station B 78.2 (5.4) 2.3 (7.6) 174.6 (39.3) 
Station C 96.7 (6.6) 2.6 (8.4) 247.8 (55.7) 
Station D 45.7 (3.1) 1 (3.4) 47.4 (10.7) 
 
Table 15.6 Theoretical resultant forces and moments per unit width, all four stations 
 Resultant 
Force at-rest  
kN (kips) 
Resultant 
Force active  
kN (kips) 
Height of 
resultant  
m (ft) 
Moment 
at-rest 
kN*m 
(kip*ft) 
Moment 
active 
kN*m 
(kip*ft) 
Station A 92.9 (6.4) 60.5 (4.2) 1.3 (4.3) 155 (34.8) 78.6 (17.7) 
Station B 139 (9.5) 88.8 (6.1) 1.5 (5) 210.1 (47.2) 134.2 (30.2) 
Station C 196.6 (13.5) 149.2 (10.2) 1.8 (5.7) 343.7 (77.3) 260.8 (58.6) 
Station D 64.4 (4.4) 40.6 (2.8) 1.1 (3.5) 68.8 (15.5) 43.4 (9.8) 
 
  The resultant force at Station A, containing TDA backfill, was 36% lower than 
the theoretical active earth pressure, and was 59% lower than the theoretical at-rest earth 
pressure.   The resultant force at Station B, containing TDA backfill, was 12% lower than 
the theoretical active earth pressure and was 44% lower than the theoretical at-rest earth 
pressure.    The resultant force at Station C, containing TDA backfill, was 35% lower 
than the theoretical active earth pressure and was 51% lower than the theoretical at-rest 
earth pressure.    The resultant force at Station D, containing soil backfill, was 12% 
higher than the theoretical active earth pressure and was 29% lower than the theoretical 
at-rest earth pressure.  
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Heights of resultant forces for Stations A, B, and C, containing TDA backfill, 
were 27%, 53%, and 47% higher than theoretical resultant heights, respectively. The 
resultant height at Station D, containing complete soil backfill, was 3% lower than the 
theoretical resultant height with complete soil backfill. 
The resultant moment at Station A, containing TDA backfill, was 20% lower than 
the theoretical active moment, and was 48% lower, than the theoretical at-rest moment.  
The resultant moment at Station B, containing TDA backfill, was 30% higher than the 
theoretical active moment, and was 17% lower than the theoretical at-rest moment.  The 
resultant moment at Station C, containing TDA backfill, was 5% lower than the 
theoretical active moment, and was 28% lower than the theoretical at-rest moment.    The 
resultant moment at Station D, containing soil backfill, was 9% higher than the 
theoretical active moment, and was 31% lower than the theoretical at-rest moment. The 
average differences between theoretical and actual forces and moments are seen in Table 
15.7  
Table 15.7 Average difference between actual resultants and theoretical values (-/+ 
less/greater) 
 Resultant at-
rest  
kN (kips) 
Resultant 
active  
kN (kips) 
Height of 
resultant  
m (ft) 
Moment 
at-rest 
kN*m 
(kip*ft) 
Moment 
active 
kN*m 
(kip*ft) 
Station A, B, 
& C Average 
-51% -28% 42% -31% -2% 
Station D -29% 12% -3% -31% 9% 
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Average resultant forces in the three TDA Stations were appreciably less than 
theoretical active resultant forces.  Resultant forces in Station D were slightly higher than 
theoretical active resultant forces.  Despite the average resultant forces for the TDA 
sections being appreciably less than theoretical active resultant forces, average moments 
were, when averaged, very similar to theoretical active moments due to the significantly 
higher resultant heights.  These high locations of resultants were likely caused by 
overcompacton of the TDA material adjacent to the wall face.  The resultant moment at 
Station D compared well with the theoretical active moment.    
15.2.5 Time Dependent Pressure Changes 
The pressures for the TDA containing Stations on June 30 for the years of 2004 
through 2007 are given in Tables 15.13 through 15.15.  Discounting the data for June 30, 
2007 which was influenced by placement of additional surcharge, the general trend 
indicates an increase in pressure at the shallowest pressure cell with time.  In contrast the 
pressure at the middle and lower pressure cells generally decreased with time 
Table 15.13 Yearly pressure comparison for each pressure cell located at Station A 
Pressure 
Cell 
Depth 
from Top 
of Wall 
m (ft) 
 Horizontal 
Pressure 
kPa (lb/ft2) 
6/30/04  
Horizontal 
Pressure  
kPa (lb/ft2) 
6/30/05 
Horizontal 
Pressure  
kPa (lb/ft2) 
6/30/06 
Horizontal 
Pressure  
kPa (lb/ft2) 
6/30/07* 
P398 1.5 (5) 9.72 (203) 11.30 (236) 13.66 (285) 22.54 (471) 
P399 2.4 (7.9) 18.01 (376) 13.61 (284) 11.81 (247) 12.29 (257 
P397 3 (10) 8.15 (170) 8.07 (169) 6.76 (141) 8.73 (182) 
* Date occurs after additional surcharge placement  
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Table 15.14 Yearly pressure comparison for each pressure cell located at Station B 
Pressure 
Cell 
Depth 
from Top 
of Wall 
m (ft) 
Horizontal 
Pressure  
kPa (lb/ft2) 
6/30/04  
Horizontal 
Pressure  
kPa (lb/ft2) 
6/30/05 
Horizontal 
Pressure  
kPa (lb/ft2) 
6/30/06 
Horizontal 
Pressure  
kPa (lb/ft2) 
6/30/07* 
P391 1.2 (4) 24.46 (511) 22.62 (472) 25.67 (536) 46.84 (978) 
P392 2.1 (7) 23.12 (483) 23.40 (489) 22.17 (463) 28.32 (591) 
P393 3.3 (10.8) 13.38 (279) 11.97 (250) 10.93 (228) 12.95 (270) 
* Date occurs after additional surcharge placement  
Table 15.15 Yearly pressure comparison for each pressure cell located at Station C 
Pressure 
Cell 
Depth 
from Top 
of Wall 
m (ft) 
 Horizontal 
Pressure  
kPa (lb/ft2) 
6/30/04  
Horizontal 
Pressure  
kPa (lb/ft2) 
6/30/05 
Horizontal 
Pressure  
kPa (lb/ft2) 
6/30/06 
Horizontal 
Pressure  
kPa (lb/ft2) 
6/30/07* 
P394 1.1 (3.9) 28.13 (588) 31.11 (654) 34.32 (717) 63.00 (1316) 
P395 2.4 (7.9) 14.33 (299) 12.67 (265) 12.17 (254) 18.86 (394) 
P396 3.4 (11) 15.30 (320 14.04 (293) 10.42 (218) 11.90 (249) 
* Date occurs after additional surcharge placement  
15.2.5.1 Station D 
Data for Station D is shown in Table 15.16.  Discounting the data for June 30, 
2007 which was influenced by the placement of additional surcharge, the general trend 
indicates a small increase in pressure at the shallowest pressure cell and no distinct 
increase or decrease at the middle and lower pressure cells with time.   
Table 15.16 Yearly pressure comparison for each pressure cell located at Station D 
Pressure 
Cell 
Depth 
from Top 
of Wall 
m (ft) 
 Horizontal 
Pressure  
kPa (lb/ft2) 
6/30/04  
Horizontal 
Pressure  
kPa (lb/ft2) 
6/30/05 
Horizontal 
Pressure  
kPa (lb/ft2) 
6/30/06 
Horizontal 
Pressure  
kPa (lb/ft2)) 
6/30/07* 
P3101 0.7  (2.4) 1.64 (34) 1.51 (32) 2.09 (44) 2.20 (46) 
P3102 1.6 (5.1) 8.53 (178) 11.04 (231) 4.63 (97) 8.95 (187) 
P3103 2.1 (6.9) 24.20 (505) 17.89 (374) 19.52 (408) 22.09 (461) 
* Date occurs after additional surcharge placement  
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15.3 Strain Gage Analysis 
15.3.1 Introduction 
 Forces found through use of strain gages on the retaining wall reinforcing were 
analyzed in two ways:  (1) to determine tensile and compressive forces and moments, and 
(2) to find the neutral axis of each wall section.  The goal was to determine and compare 
forces and moments on the wall with conventional soil backfill to test sections containing 
TDA as backfill. 
15.3.2 Forces and Moments 
Tensile and compressive forces as well as resultant moments were calculated at a 
selected date (4/30/04) by first averaging the two tension gages and two compression 
gages at each section.  Stresses were then calculated based on the modulus of elasticity of 
steel.  Forces were then determined by multiplying stress by the area of the rebar per unit 
width of wall.  The results are shown in Table 15.17.  The neutral axis was then 
calculated assuming a concrete strength of 27,500 kPa (4000psi).  This is also shown in 
Table 15.17.  Stress was then found within the concrete using the modulus of elasticity of 
concrete and the length of the determined neutral axis. 
Table 15.17 Tensile and compressive forces, and neutral axis of each test section 
Station Tensile Force 
kN/m (kip/ft) 
Compressive 
kN/m (lb/ft) 
Neutral Axis 
mm (in)* 
Wall Width 
mm (in)** 
Fill Height 
m (ft)*** 
A - TDA 101.8 (6.98) -239.1 (-16.39) 137.4 (5.4) 442.2 (17.4) 3.45 (11.3) 
B - TDA 218.7 (14.99) -483.7 (-33.15) 160.1 (6.3) 467.8 (18.4) 4.09 (13.4) 
C - TDA 530.2 (36.34) -247.4 (-16.96) 102.6 (4.0) 496.2 (19.5) 4.35 (14.3) 
D - SOIL 109.2 (7.48) -370.1 (-25.37) 194.3 (7.6) 403.7 (15.9) 2.76 (9.0) 
* From outside face of wall 
** Wall width calculated at strain gage locations (450mm above footing) 
*** Fill Height as measured from fill surface to instrumentation 
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Tensile forces show great dependence on wall height, as seen in Table 15.17.  
Compressive forces follow the same trend, except for Station C, at which compressive 
forces are very low.  The reason for this is unknown. The calculated neutral axes varied 
independent of height, with the neutral axis being closer to the middle of the retaining 
wall in Station D (control) than any of the TDA sections.  Station C, the tallest section, 
has a neutral axis that is closest to the outside face of the wall at only 102.6 mm (4.0 in).   
Moments acting on a retaining wall vary with the cube of the height of fill (h), as 
derived in the following. Pressure distributions on a wall are assumed triangular by 
Rankine’s method.  To calculate the resultant force (the area under the triangle) the 
length of the base (b) of the triangle must be determined: 
b = Ko(or Ka)*σv*h 
Where σv is the vertical overburden pressure and h is the height of fill.  The resultant 
force can then be found using the equation for the area of a triangle:  
Fr = ½*b*h 
From here the moment at the base of the wall can be computed as: 
Mr = Fr*(0.33*h) 
This can be combined to produce: 
Mr = 1/6(K*σv*b*h3) 
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Tensile forces determined from strain gages were plotted versus the fill height 
cubed.  While force on the back face of the all varies directly with the square of wall 
height, as shown with the above equations for b and Fr, the force in the tensile rebar as 
well as the corresponding compression force in the concrete and rebar is created by the 
overturning moment which varies with the cube of the wall height. The plot of tensile 
force versus fill height cubed is shown in Figure 15.12.  A linear trend can be seen in the 
three test sections containing TDA fill (A, B and C).  Results from Station D (control) do 
not fall on this trend line, in fact, these forces are greater at a similar fill height cubed 
pointing to the conclusion that forces within the wall generated by TDA backfill are less 
for an equivalent height of fill than forces generated from conventional backfill.   
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Figure 15.12 Tensile force per length of wall as compared to the cube of the fill height. 
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Moments are shown per unit length of wall in Figure 15.13.  Moments were 
calculated from both compressive forces and tensile forces.  As with both tensile and 
compressive forces, moment is greatly dependent on wall height.  This trend holds true 
for all results except the compressive moment at Station C, where the moment is small 
despite Station C being the tallest section.  The reason for this is unknown. Compressive 
moments are similar for Station A and B, but not sections C and D with the biggest 
difference occurring at Station C. 
Table 15.18 Tensile and compressive moments, and neutral axis of each test section 
Station Compressive 
Moment  
kN*m/m 
(kip*ft/ft) 
Tensile Moment  
kN*m/m 
(kip*ft/ft) 
Neutral 
Axis  
mm (in)* 
Wall Width 
mm (in)** 
Fill Height 
m (ft)*** 
A - TDA -21.81 (-4.9) 25.91 (5.8) 137.4 (5.4) 442.2 (17.4) 3.45 (11.3) 
B - TDA -51.74 (-11.6) 56.36 (12.7) 160.1 (6.3) 467.8 (18.4) 4.09 (13.4) 
C - TDA -16.57 (-3.7) 182.19 (41.0) 102.6 (4.0) 496.2 (19.5) 4.35 (14.3) 
D - SOIL -48.30 (-10.9) 17.42 (3.9) 194.3 (7.6) 403.7 (15.9) 2.76 (9.0) 
* From outside face of wall 
** Wall width calculated at strain gage locations (450mm above footing) 
*** Fill Height as measured from fill surface to instrumentation 
Moments vary with fill height cubed.  Tensile moments show the same results as 
tensile forces with a linear trend in the three test sections containing TDA fill (A, B and 
C).  Resulting tensile moments from Station D (control) also show the same results as 
tensile forces in that they do not fall on this trend line, being greater at a similar fill 
height3.  This indicates that moments within the wall generated by TDA backfill are less 
per height of fill than moments generated from conventional backfill.   
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Figure 15.13 Tensile moment per length of wall as compared to the cube of the fill height. 
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CHAPTER 16 
COMPARATIVE ANALYSIS 
 In this chapter results from the Tarrtown Project, as well as the California Project 
are compared to each other and to previous research by Tweedie, et al. (1997) and 
Humphrey, et al. (2000). 
Research by Tweedie, et al (1997) was completed at a full scale test facility 
constructed at the University of Maine.  The facility held approximately 100 m3 (130 yd3) 
of backfill, and was 4.88 m (16 ft) high and 4.47 m (14.7 ft) by 4.57 m (15 ft) in plan.  
Results used for this comparison were based on tests performed at active and at-rest 
conditions.  Three different surcharges were used: 12, 23.9, and 35.9 kPa (250, 500, and 
750 lb/ft2).  Horizontal stresses were measured with pressure cells similar to those  used 
at the Tarrtown and California projects.   
Research by Humphrey, et al. (2000) was based on a single abutment of the 
Merrymeeting Bridge, a 300-m (984-ft) long bridge across the Androscoggin River.  The 
subsurface profile at the location of the instrumented north abutment consisted of 3 to 6 
m (10 to 20 ft) of marine silty sand overlying 14 to 15 m (46 to 49 ft) of marine silty clay.  
A 4.3-m (14-ft) thick TDA layer was placed against the abutment wall and overlain by a 
0.7-m (2.3-ft) thick clayey sand layer, 0.6-m (2.0-ft) common borrow layer, and a 0.9-m 
(3.0-ft) aggregate subbase layer for a total cover thickness of 2.2 m (7.2 ft).  Six pressure 
cells were embeded in the back face of the abutment wall. 
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16.1 Resultant Forces and Moments 
The resultant horizontal force and the overturning moment at the base of the 
abutment wall stem were estimated from the measured pressures at the Tarrtown, PA and 
Riverside, CA project sites.  The pressure was assumed to vary linearly between 
measured data points.  The calculated forces and moments were previously presented in 
sections 9.2.3.1 and 9.2.3.2 (Tarrtown, PA) as well as sections 15.1.4.1 through 15.1.4.4 
(California).  Forces and moments are shown for both California and Tarrtown Projects 
along with research completed by (Tweedie et al., 1997) and research by (Humphrey et 
al., 2000) in Figures 16.1 and 16.2.  Horizontal forces were plotted verses wall height 
squared and moments versus wall height cubed as discussed in section 15.2. 
As seen in Figure 16.1, resultant horizontal forces are close to or below 
theoretical active earth pressures with complete soil backfill.  The soil fill test section, 
Station D, showed a resultant force greater per wall height squared than TDA fill test 
sections.  Resultant forces for (Tweedie et al., 1997) and (Humphrey et al., 2000) tended 
to be less than Tarrtown and California forces at similar heights when compared versus 
wall height squared, however the California project included sloping backfill which 
influenced the forces measured on the wall sections. Forces on the California project 
TDA sections were less than theoretical active earth pressures when accounting for the 
sloping wall backfill.  
Resultant moments trended somewhat differently than resultant forces, with 
values closer to theoretical complete soil values due to the greater resultant heights on the 
TDA wall, as seen in Figure 16.2.  The California data for all test sections trended toward 
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theoretical active earth pressures with complete soil backfill, when accounting for the 
sloping backfill, however the Tarrtown data trended towards theoretical at-rest earth 
pressures with complete soil backfill, seen in Figure 16.2.  One Tarrtown abutment was 
greater than at-rest values.  These results, directly related to the resultant heights, were 
likely influenced by overcompaction of the TDA fill directly behind the walls.  Moments 
from the Merrymeeting bridge project along with Tweedie’s research fall well below 
theoretical active moments. Moments from the two cases in Tweedie’s research where 
surcharge was present did not take into account the increased height of the resultant force 
from the surcharge.  This would tend to increase the moment in relation to the wall height 
cubed.  At depths where pressures could not be measured, approximations based on 
theoretical Rankine active pressures were used.    
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Figure 16.1 Resultant horizontal force per length of wall as compared to the square of the 
fill height for Tarrtown, California, and previous research. 
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Figure 16.2 Resultant moment per length of wall as compared to the cube of the fill height 
for Tarrtown, California, and previous research. 
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16.2 Earth Pressure Coefficients 
Horizontal stress (pressure) measured by pressure cells and calculated vertical 
stress were used to determine the earth pressure coefficient (K), which is the horizontal 
stress divided by vertical stress.  The vertical stress was calculated using a unit weight of 
2 Mg/m3 (125 lb/ft3) for soil and pavement layers, and 0.8 Mg/m3 (50 lb/ft3) for TDA 
layers.  For the (Tweedie et al., 1997) cases the surcharge was added to the vertical stress 
from the fill. 
Values of K for both California and Tarrtown projects along with research 
completed by Tweedie, et al (1997) and Humphrey, et al. (2000) are compared in Figure 
16.3.  
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Figure 16.3 Calculated vertical stress of TDA compared with Tarrtown horizontal 
measured stress after paving (9/3/05), California horizontal measured stress (6/30/05) and test 
results from previous studies: Tweedie, et al., (1997) and Humphrey, et al. (2000). 
 
Two K values from the Tarrtown Project, one measured at each abutment, were 
much larger than the previous research data (0.55 and 0.69) and can be seen in Figure 
16.3.  These values occurred at the lower portion of the TDA layer at each embankment, 
the reason for these high values could not be determined.  The K values for the California 
project varied (0.28 to 2.2), with multiple values also much higher than previous 
research.  K values decreased with depth within the TDA layer at each of the three TDA 
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Stations, with the highest values occurring at the top of each layer.  Additionally, the k-
value measured in the middle of Station B TDA layer was also very high.  The reason for 
these high K values is thought to be due to overcompaction of the TDA fill, as well as the 
effect of the backfill sloping upward above the top of the wall.  One Merrymeeting outlier 
can be seen.  The reason for this high value is thought to be due to spatial variability in 
the pressure acting on relatively small (229-mm, 9-in diameter) pressure cells. 
K values from the University of Maine test facility ranged at-rest from 0.17 to 
0.55 with the largest K values occurring at lower vertical stresses and decreasing with 
increasing vertical stress, as occurred in the California Stations.  K values from the 
University of Maine test facility ranged active from 0.08 to 0.25 depending on outward 
wall rotation with the with the smallest K values occurring at an the largest outward wall 
rotation of 2.2 degrees and the largest K values occurring at the smallest outward wall 
rotation of 0.8 degrees.  K values from the Merrymeeting Bridge project ranged from 
0.24 to 0.50.  These results match well with a majority of the Tarrtown K values, as well 
as a majority of the K values for the California project, despite the sloping backfill 
present on the California project wall.  Both the Merrymeeting and Tarrtown abutments 
were relatively massive pile supported structures and they may not have moved 
sufficiently to reach active conditions.   
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CHAPTER 17 
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
17.1 Summary 
Tire derived aggregate, also known as tire shreds, or tire chips, has been 
previously useful in many civil engineering applications.  Tire derived aggregate (TDA) 
is one of several ways scrap tires are recycled, and in 2005 was second on the list of 
yearly scrap tire consumption nationwide, behind tire derived fuel (TDF).  Previous work 
in the study of TDA in civil engineering applications, specifically dealing with retaining 
walls, was completed by Humphrey, et al. (1992), Tweedie, et al. (1997), and Cosgrove, 
et al. (1999).   
Humphrey, et al. (1992) performed a laboratory investigation to determine the 
engineering properties of TDA relative to its use as backfill for retaining walls.  Tweedie, 
et al. (1997) developed a full scale test facility capable of measuring backfill at both at-
rest and active conditions.  Backfills tested included granular soil as a control and TDA 
from three different suppliers.  Tests were performed with surcharges ranging from 0 to 
36 kPa (0 to 750 lb/ft2).  Instrumentation measured the horizontal and vertical forces, and 
horizontal stress produced by the backfill on the wall, as well as interface shear, 
settlement, and horizontal displacement within the backfill.  Cosgrove, et al. (1999) 
instrumented two field sites in which TDA was used as  1-m (3-ft) wide zone of backfill 
directly behind abutment walls of a rigid frame bridge to attempt to reduce lateral 
pressures on the wall and a large zone of TDA behind a pile-supported bridge abutment. 
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This study used data from two projects, one located in Tarrtown, Pennsylvania 
and the other in Riverside, California.  This study was a continuation of the three 
previous studies cited above.   
The objective of this study was to determine the effectiveness of TDA as fill for 
embankments and behind retaining walls using the results of full scale field trials.  
However, the primary emphasis was on use as retaining wall backfill.  This included 
measurement and calculation of: horizontal earth pressure, resultant forces and moments 
acting on the wall, tensile and compressive forces within the wall, moments at the base of 
the wall, settlement of the TDA, time dependent temperature fluctuations within TDA, 
pore pressure changes in underlying existing soil, movement of the wall, settlement of the 
TDA and soil, and movement of the embankment.  This was done by using data from two 
instrumented projects: Tarrtown, Pennsylvania, and Riverside, California, combined with 
previously published data. 
The Tarrtown Pennsylvania project was the Limestone Run Bridge located on 
Tarrtown Road, State Route 4023.  The project consists of a single span, simply 
supported bridge over Limestone Run, and the two adjoining approach fills.  The bridge 
is supported by reinforced concrete abutments founded on piles.  Instrument readings 
were taken during and after construction to gain a better understanding of the use of TDA 
as lightweight embankment fill and bridge abutment backfill.  It was instrumented with 
the following: pressure cells located on each abutment wall, settlement plates and spider 
magnets within both embankments, inclinometers also within the embankments, 
thermistors in the TDA layers, and piezometers in the foundation soil under both 
 269 
embankments.  Thermistors were also integral with both pressure cells and piezometers.  
TDA was placed within both approach embankments and against both abutments.  The 
scope of the project covered by this thesis was limited to analysis and interpretation of 
data provided by Apex Companies, LLC, Geo Instruments, Inc. and the Pennsylvania 
Department of Transportation from these installed instruments.  The analysis included: 
analysis of the data for consistency, data computation, and verification that the 
conversion from the raw instrument readings was correct. 
The Riverside, California project was a retaining wall (Wall 119) located on 
California, Route 91. The project consists of a reinforced concrete retaining wall structure 
with backfill, overlaid by an additional roadway earth embankment that slopes upward 
from the wall.  There are four test sections, denoted as Stations A, B, C, and D.  Three 
contain a 3-m (10-ft) thick layer of TDA and one is a control station containing only soil 
backfill.  The walls at the test sections range in height from 3.4 m (11 ft) to 5.2 m (17 ft).   
It was instrumented with the following: pressure cells located on the abutment wall, strain 
gages on the retaining wall reinforcing steel, tilt meters on the wall face, and thermistors 
in the TDA layer.  As with Tarrtown, the scope of the project covered by this thesis was 
limited to analysis and interpretation of data provided by the California Integrated Waste 
Management Board and their subcontractors.  The analysis included: analysis of the data 
for consistency, data computation, and verification that the conversion from the raw 
instrument readings was correct.  Results of the study will help further determine the 
effectiveness of TDA fill as alternative and effective lightweight backfill and 
embankment material.    
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17.1.1 Tarrtown Project 
Tarrtown pressure cell results showed seasonal fluctuation of pressure after 
completion of construction, possibly from imprecise temperature correction factors 
provided by the manufacturer.  Pressures in the TDA layer against Abutment 1 were 
greater than Rankine active earth pressures for soil backfill for all three dates analyzed 
and greater than theoretical at-rest earth pressure for soil backfill immediately after 
paving.  The pressures exerted by the soil layer under the TDA ranged from being greater 
than to much less than theoretical active earth pressures for a wall backfilled completely 
with soil.  Pressures exerted by the crushed rock working mat beneath the TDA and soil 
fill were much less than theoretical active earth pressures.  The crushed rock working mat 
likely had a friction angle greater than the assumed 30 degrees, contributing to the 
difference between estimated and actual values.  Also the pressure cells located in this 
area may have been unable to accurately measure the pressures of the very coarse, 
angular, crushed rock mat.  Both the increased friction angle and the lower unit weight of 
overlying TDA played a role in the reduction of lateral pressures at the bottom of the 
wall.   
The pressures in the TDA layer against Abutment 2, as measured by pressure cells 
were less than the theoretical Rankine active pressures for a wall backfilled completely 
with soil at two of three locations.  The exception was the bottom pressure cell in the 
TDA layer, which had pressures greater than the theoretical Rankine active earth 
pressures but less than theoretical at-rest pressures.  The horizontal pressures for the 
middle soil fill layer were very close to theoretical Rankine active earth pressures with 
complete soil backfill. The earth pressures for the underlying soil fill layer were much 
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less than theoretical Rankine active earth pressures for all three dates chosen.  Pressures 
in the working mat were much less than theoretical active earth pressures as was 
observed at Abutment 1. 
Earth pressure coefficients for both abutments were calculated from pressure cell 
readings after pavement completion.  K values ranged from 0.22 to 0.69 in the TDA, 0.19 
to 0.6 in the soil fill, and 0.05 to 0.08 in the crushed rock mat.   
Resultant forces and moments were calculated from pressure cell readings.  
Resultant forces for both abutments were less than theoretical Rankine active forces that 
would be expected with soil backfill.  Due to the higher height of the resultant force, the 
moment in Abutment 1 was greater than the theoretical Rankine active moment with soil 
backfill, but less than the theoretical Rankine at-rest moment.  The resultant moment on 
Abutment 2 was less than the theoretical Rankine active moment with soil backfill. 
  Settlement plates and spider magnets installed at ten locations in each 
embankment in conjunction with inclinometer casings were used to measure settlement 
of the embankment.  Maximum settlement along the roadway centerline of embankment 
1 was 30.5 cm (12 in.), with settlement at the toe and sides of the embankment ranging 
from zero to 5.1 cm (2 in.).  Embankment 2, consisting of two TDA layers experienced 
greater settlements.  Settlements were greatest at roadway centerline, with a maximum 
settlement of 53 cm (21 in.). Settlement at the toe and sides of embankment 2 ranged 
from zero to 3.8 cm (1.5 in.). Settlement of the surface of the foundation soils at 
centerline ranged from 5.1 cm (2 in.) to about 6.4 cm (2.5 in.) at the centerline 
inclinometers.   
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Predicted compression values compared very well with actual compression of all 
three TDA layers with different overburden pressures.  These settlement values also 
compared well with results from previous projects.  These results indicate that the 
overbuild chart developed by Humphrey (2005) is a useful tool for predicting TDA layer 
compression. Greater compression due to surcharge loading was seen at the thin top layer 
of TDA within Embankment 2.  A maximum compression of 11% occurred during the 
surcharge loading period in the thin top TDA layer in embankment 2.  The reason for this 
large amount of compression is most likely due to the lower initial overburden pressure in 
the center of this layer and imprecision in measuring the compression of this relatively 
thin layer.   
Time dependent compression of the TDA layers while subject to surcharge 
loading showed that the long term TDA compression in the two full thickness TDA 
layers was small, with a maximum compression of 3.5%.   Small amounts of rebound did 
occur at multiple locations once the surcharge was removed.  Through day 50 after 
surcharge removal and completion of paving, embankment 1 showed approximately 1.2 
to 1.8% compression which is consistent with results reported by Tweedie et al. (1997).  
From day 50 through day 619 an additional 0.3 to 1.5% compression occurred at roadway 
centerline.    The upper layer of embankment 2 showed similar results.  Through day 50 
approximately 0.8 to 1.8% compression occurred, consistent with the results reported by 
Tweedie, et al. (1997).  From day 50 through day 600 an additional 0.2 to 1.2% 
compression occurred at roadway centerline.  The lower layer showed almost no 
additional compression through day 50.  From day 50 through day 600 an additional 1.3 
to 1.6% compression occurred at roadway centerline. 
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Pore pressures measured in the embankment foundation soils showed that the 
foundation soils beneath both embankments appear to be fairly permeable dissipating 
excess pore water pressures and responding rapidly to changes in Limestone Run water 
level.  No appreciable pore pressure increases were seen when fill was placed.   
Inclinometers were placed in two rows perpendicular to centerline on each 
embankment.  The inclinometers placed on the centerline showed small movement with 
no obvious pattern.  Measurements of outward movement were greatest at the edges of 
the roadway in embankment 1.  Most of the movement occurred during construction, 
with some additional displacement occurring while surcharge was present.  Three 
inclinometers located on the embankment side slope show small outward movements 
right before the completion of pavement, which was thought to be caused by paving 
operations.  One inclinometer shows some outward movement after construction, though 
this movement is only 0.3 to 0.5 cm (0.11 to 0.18 in.) which is beyond the accuracy of the 
measurements themselves.  Maximum displacement was recorded at the same 
inclinometer, with a total outward movement of 5.1 cm (2 in).   
For embankment 2, measurements of outward movement were greatest at the 
edges of the roadway.  Most of the movement measured occurred during construction, 
with additional displacement from overburden placement occurring at only one 
inclinometer.  Two inclinometers show some outward movement after construction, 
though this movement is only 0.6 to 0.8 cm (0.25 to 0.33 in) which is beyond the 
accuracy of the measurements themselves. Maximum displacement was 5.1 cm (2 in). 
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Temperatures taken in the TDA layers with thermistors confirmed that the TDA 
did not experience self-heating, but did experience seasonal temperature changes.  In 
embankment 1 the most evident trend was a pattern of seasonal fluctuation of the 
temperatures.  The amplitude of seasonal temperature variation was typically between 10 
and 25 ˚C (18 and 45 ˚F). The maximum temperature in the TDA occurred in late August 
to early October, i.e., somewhat delayed from the peak air temperature in July and 
August.  Inundation of the TDA material with water during a flood in September of 2004 
had no effect on the temperature of the TDA fill.   
In embankment 2 the most evident trend was a pattern of seasonal fluctuation of 
the temperatures.  The amplitude of seasonal temperature variation was typically between 
5 and 15 ˚C (9 and 27 ˚F) with greater fluctuation occurring at the upper TDA layer. The 
maximum temperature occurred in late August to early October, i.e., somewhat delayed 
from the peak air temperature in July and August.  The thermistors furthest from the 
embankment surface experienced the greatest delay. As with embankment 1, inundation 
of the TDA material with water during a flood in September of 2004 had no effect on the 
temperature of the TDA fill. 
17.1.2 California Project 
Riverside California pressure cells located in the upper portion of the three TDA 
sections were likely affected by overcompaction of the backfill immediately behind the 
wall face.  Pressures were compared with theoretical Rankine active earth pressures with 
complete soil sloping backfill and NAVFAC at-rest earth pressures with complete soil 
sloping backfill. Pressures in the TDA in Station A decrease with increasing depth, 
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opposite theoretical earth pressures.  Pressures in the upper pressure cell range just below 
active earth pressure to above at-rest earth pressure with complete soil sloping backfill, 
showing an increase in pressure in the spring of 2007 due to the placement of additional 
fill.  In Stations B & C, pressures at the top of the TDA were greater than at-rest earth 
pressures.  The pressures at these upper pressure cells also showed an increase in pressure 
in the spring of 2007 due to the placement of additional fill.  This added up to 60 kPa 
(1250 lb/ft2) of vertical overburden pressure.  
For the middle pressure cells in the TDA test stations located within the TDA fill, 
pressures at Station A & C were less than active earth pressures for all dates.  Pressures at 
Station B were less than the theoretical NAVFAC sloping at-rest pressures with complete 
soil backfill for three dates, with a single date above at-rest pressures occurring after 
additional overburden placement.  There was a noticeable decrease in pressure with time 
in Station A, 18 to 12 kPa (376 to 251 lb/ft2).   Station A also exhibits no apparent 
increase from 6/30/06 to 6/30/07 due to additional overburden placement, unlike Stations 
B & C.  Pressures in Station B & C were fairly constant with time, showing no long term 
increase or decrease in pressure aside from the afore mentioned overburden addition.   
Pressures at the lower pressure cells in all three TDA stations were less than the 
theoretical Rankine sloping active earth pressures with complete soil backfill for all 
dates.  There was no noticeable decrease or increase in pressure with time and no 
apparent increase due to additional overburden placement which occurred during the 
Spring of 2007. 
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Station D, the control section with soil backfill showed pressures at the upper 
pressure cell that were very similar to Rankine sloping active earth pressures for all four 
readings, showing no marked increase in pressure with the additional overburden 
placement.  Pressures at the middle pressure cell were similar to Rankine sloping active 
earth pressure, with the exception of a single reading much less than theoretical active 
earth pressure.  Pressures at the lower pressure cell were between Rankine sloping active 
and at NAVFAC sloping rest earth pressures.  None of the locations showed long term 
increases or decreases in pressure, they were fairly uniform throughout the monitoring 
period, showing no appreciable pressure increase with additional overburden placement 
which occurred during the spring of 2007.     
Strain gages were placed on the reinforcing rebar within the retaining wall.  Gages 
were placed on both compression and tension reinforcement to determine moments and 
forces present in the wall.  A total of sixteen gages were installed, all of which were still 
functioning as of the last set of readings analyzed.  Two tension and two compression 
gages were installed at each test section and were averaged to get more consistent 
measurements.  For the compression side of the wall, the compressive strength of the 
concrete was taken into account in force calculations.  Strain gages located at Station A 
showed small long term increases in force throughout the monitoring period on both 
tension and compression reinforcement.  Peak forces for both tension and compression 
rebar reinforcement were 90.5 kN and 81 kN per meter of wall (6.2 and 5.6 kip per ft of 
wall) respectively.  Strain gages located at Station B showed no appreciable long term 
increases in force until June of 2006.  From June of 2006 until the end of the monitoring 
period forces increased, especially on the compression face of the rebar due to the 
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addition of overlying material during that period of time.  Peak forces for both tension 
and compression sides of the rebar were 108 kN and 59 kN per meter of wall (7.4 kip and 
3.9 kip per ft of wall) respectively.  Strain gages located at Station C showed no 
appreciable long term increases in force until June of 2006, with a marked decrease in 
forces on the compression side of the rebar, not linked to the additional material placed 
for roadway expansion.    Peak forces for both tension and compression sides of the rebar 
were 467 and 45 kN per meter of wall (32 and 3.1 kip per ft of wall) respectively.  Lower 
forces occurred at Station D, the control section (conventional soil fill) than occurred in 
the TDA sections.  This is largely due to the much lower wall height of Station D in 
comparison with wall heights for the three TDA test sections (Stations A, B, and C).  No 
apparent long term increases in force occurred.  Peak forces for both tension and 
compression rebar reinforcement were 60 kN and 31 kN per meter of wall (4.1 and 2.1 
kip per ft of wall) respectively. 
Tilt meters were placed on the retaining wall at each test section, a total of four 
tilt meters were installed.  Wall movements for all four test sections showed comparable 
results on a movement per unit height basis.  As anticipated, movements were larger with 
increasing wall height, particularly at Stations B and C.   Overall, wall movements ranged 
from 65 mm (2.55 in.) to 136 mm (5.37 in.), corresponding to an outward rotation per 
height of wall (H) of 0.019H to 0.03H.  Movements also fluctuated with seasonal weather 
changes with the largest outward movements occurring during the winter and early spring 
when temperatures were lower and rainfall higher.  Additional placement of overburden 
during the spring of 2007 also played a role in the outward deformations of the wall 
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Stations A through C from spring 2007 to present.  More data will need to be collected to 
further investigate long term trends. 
Temperature readings were taken in the TDA layer with thermistors. The 
temperature in the three TDA test sections followed a seasonal pattern, reaching a 
maximum temperature in July and August of about 35˚C (95˚F) and a minimum 
temperature in March of 11˚C (52˚F).  The peak temperatures were well below the 
combustion temperature of TDA of 500˚C (932˚F) (Humphrey, 2006) and thermal 
decomposition temperature of 150˚C (302˚F).  None of the thermistors showed increases 
in the seasonal peak temperatures with passing summers indicating that there were no 
long term temperature increases occurring in the TDA fill.  As with the TDA sections, 
Station D with soil backfill, followed a seasonal pattern reaching a maximum temperature 
in July and August of about 33˚C (91˚F), and minimum temperature in March of about 
13˚C (56˚F).  The maximum temperature in the TDA occurred in late July to August 
similar to the peak air temperature that typically occurs in July and August.  This is most 
likely due to the proximity of the thermistors to the outside face of the wall.  
Temperatures in Station D were similar to all three test sections with TDA backfill. 
Earth pressure coefficients (K values) for all four test sections were calculated for 
the date of 6/30/05 based on pressure cell data. K values were compared to active 
pressures calculated using Rankine’s sloping backfill method with the entire embankment 
being soil with a unit weight of 2 Mg/m3 (125 lb/ft3) and a friction angle of 30 degrees 
(0.33).  K values for Station A were higher than Rankine active conditions for two of the 
three depths.  K values at Station A decreased with depth (0.67, 0.57, 0.28).  K values for 
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Station B were significantly higher than Rankine active conditions for two of depths.  K 
values at Station B decreased with depth (1.57, 1.09, 0.39).  K values for Station C were 
significantly higher than Rankine active conditions for one of the depths.  As with 
Stations A & B, K values decreased with depth (2.20, 0.53, 0.45).  It is estimated that a 
significant amount of this excess horizontal pressure occurring at the upper pressure cells 
was due to overcompaction of the TDA fill with heavy machinery being used up to the 
back face of the wall. K values for Station D increased with depth (0.18, 0.45, 0.51). 
These results compared reasonably well with Rankine active conditions.    
Resultant forces and moments for all four test sections were calculated for the 
date of 6/30/05.  The data indicates a lower resultant force on the wall than theoretical 
Rankine active earth pressure with complete soil sloping backfill for all three TDA 
sections, Stations A, B, & C,  and a slightly higher resultant force on the wall than 
theoretical Rankine active earth pressure with complete soil sloping backfill for the soil 
section, Station D.     The resultant moments at Stations A & C were less than theoretical 
Rankine active earth pressure moments with sloping backfill, while Station B & D 
moments on the footings are greater for measured readings than the theoretical Rankine 
active moments, with the moment on Station D only slightly higher.  Moments at all 
Stations were less than theoretical NAVFAC at-rest moments with complete soil sloping 
backfill.  The height of the resultant forces was elevated at all three TDA stations likely 
due to overcompaction of the TDA on the upper pressure cells, resulting in increased 
moments.  
 280 
It was not possible to fully understand long term trends due to the placement of 
additional surcharge material during the spring of 2007.  Pressure cells located in the 
upper section of the TDA layer, especially the top cells, experienced the greatest increase 
in pressures with overburden addition.  Pressure cells in the bottom of the TDA layer as 
well as in the soil fill section experienced little appreciable changes in pressures with this 
overburden addition. 
Forces found through use of strain gages on the retaining wall reinforcing were 
analyzed in two ways:  (1) to determine tensile and compressive forces and moments, and 
(2) to find the neutral axis of each wall section.  The goal was to determine and compare 
forces and moments on a wall with conventional soil backfill to test sections containing 
TDA as backfill.  Tensile and compressive forces as well as resultant moments were 
calculated at a selected date (4/30/04).  Tensile forces showed great dependence on wall 
height.  Compressive forces followed the same trend, except for Station C, at which 
compressive forces were low.  Station C, the tallest section, had a neutral axis that was 
closest to the outside face of the wall at only 103 mm (4.0 in.).  Tensile forces, which 
vary with the cube of wall height, showed a linear trend in the three test sections 
containing TDA fill (A, B and C).  Results from Station D (control) did not fall on this 
trend line, these forces were greater at a similar fill height cubed pointing to the 
conclusion that forces within the wall generated by TDA backfill are less per height of 
fill than forces generated from conventional backfill.   
As with both tensile and compressive forces, moment is dependent on wall height.  
This trend held true for all results except the compressive moment at Station C, where the 
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moment was small despite Station C being the tallest section.  The reason for this is 
unknown. Compressive and tensile moments were similar for Station A and B, but not 
Stations C and D with the biggest difference occurring at Station C.  Moments vary with 
fill height cubed.  Tensile moments showed the same results as tensile forces with a linear 
trend in the three test sections containing TDA fill (A, B and C).  Resulting tensile 
moments from Station D (control) also showed the same results as tensile forces in that 
they did not fall on this trend line, being greater at a similar fill height cubed.  This 
finding indicates that moments within the wall generated by TDA backfill were less for a 
comparable fill height than moments generated from conventional backfill. 
17.1.3 Comparison of Results 
Results from the Tarrtown and Riverside projects were compared to each other 
and compared to previous research by Tweedie, et al. (1997) and Humphrey, et al. 
(2000).  Research by Tweedie, et al (1997) was completed at a full scale test facility 
constructed at the University of Maine.  Research by Humphrey, et al. (2000) was 
completed at the Merrymeeting Bridge project located in Topsham, Maine.   
A comparison of resultant forces show that resultant forces for Tweedie, et al. 
(1997) and Humphrey, et al. (2000) tended to be less than theoretical active and at-rest 
forces with complete soil backfill when compared versus wall height squared.  Tarrtown 
data trended towards theoretical at-rest forces with complete soil backfill.  Riverside data 
for all four stations, including the soil backfill station, was less than theoretical active 
forces with complete soil sloping backfill.  
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A comparison of resultant moments show that resultant moments for Tweedie, et 
al. (1997) and Humphrey, et al. (2000) tended to be less than theoretical active and at-rest 
moments with complete soil backfill when compared versus wall height cubed.  Tarrtown 
and Riverside data trended towards theoretical at-rest forces with complete soil backfill, 
while the Riverside wall station containing complete soil backfill was nearer to 
theoretical at-rest moments. 
Earth pressure coefficients (K) from previous studies match well with a majority 
of the Tarrtown values, as well as a majority of the values for the Riverside project.  The 
typical values range from 0.1 to 0.5.  Two K values from the Tarrtown project, one 
measured at each abutment (0.55 and 0.69), were higher than the previous research.  
These values occurred at the lower portion of the TDA layer at each embankment.  The 
reason for these high values could not be determined.  Three K values for the Riverside 
project ranged between 1.08 and 2.2, which is much higher than previous research.  
These values occurred at the upper two cells at Station B and upper cell at Station C.   
The reason for these two high K values is most likely due to overcompaction of the TDA 
fill by heavy equipment operating directly behind the wall or the effect of the sloping 
backfill above the top of the wall.  One Merrymeeting K value was also higher than the 
typical range.  The reason for this high value is thought to be due to spatial variability in 
the large TDA pieces acting on relatively small ( 229-mm, 9-in diameter) pressure cells.  
Both the Merrymeeting and Tarrtown abutments were relatively massive pile supported 
structures and they may not have moved sufficiently to reach active conditions therefore 
an at-rest condition may be more realistic with an average K value of 0.5.   
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17.2 Conclusions 
Several conclusions can be drawn from this research.  
1. K values for TDA determined using measured pressure and calculated vertical 
stress range from 0.21 to 0.69 with an average of 0.38 for Tarrtown and 0.28 to 
0.53 with an average of 0.44 with outliers eliminated, for California, which was 
constructed with sloping backfill. Except for the outliers, these results match well 
with values determined from previous research (Tweedie, et al. (1997) and 
Humphrey, et al. (2000)), as well as results calculated from Cosgrove, et al. 
(1999) field trials.  Based on this, horizontal stresses for TDA material can also be 
estimated at approximately 30 to 50% of vertical overburden pressure.  The 
results pointed to the following conclusions: For at-rest conditions and vertical 
stresses less than 40 kPa (835 lb/ft2) a K value for TDA fill of 0.5 appears 
reasonable.  For vertical stresses greater than 40 kPa (835 lb/ft2) a K value for 
TDA fill of 0.33 would be reasonably conservative. 
2. K values for soil fill determined using measured pressure and calculated vertical 
stress range from 0.19 to 0.6 with an average of 0.36 for Tarrtown and 0.18 to 0.5 
with an average of 0.38 for California.  These values are very similar (average of 
0.37) and compare well with typical Rankine active K values of 0.33, for soil fill 
with a friction angle of 30 degrees. 
3. Actual resultant forces and moments are less with TDA than theoretical Rankine 
at-rest and active earth pressures with soil backfill by 23% to 44% and 6% to 25% 
respectively for the Tarrtown Project.  At the California project, actual resultant 
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forces with TDA material present were less theoretical Rankine active and 
NAVFAC at-rest earth pressures by 12% to 36% while moments varied from 20% 
less to 30% higher than theoretical active forces and moments respectively with 
complete soil sloping backfill. The actual forces act much higher up the wall, 
especially at the top pressure cells, than theoretical soil forces, leading to 
moments in all sections containing TDA that are greater than theoretical active 
resultant moments. Overcompaction is estimated to be the issue leading to higher 
forces and moments at the California project site along with backfill sloping 
upward above the top of the wall.  The reason for the high locations of the 
resultants at the Tarrtown site is most likely due to the inability of the pressure 
cells to measure pressures in the underlying soil mat causing a non-uniform 
pressure distribution with the largest pressures occurring in the TDA layers.  No 
clearly significant long term increases or decreases in pressure could be seen at 
either wall.   
4. Temperatures in the TDA indicate that no self-heating of the TDA is occurring at 
either location.  Seasonal fluctuation of temperature is the only major change in 
temperature over time.  Both sites show this seasonal variation. No appreciable 
long term increases in temperature occur in the TDA layers of both project sites.   
The following conclusions pertain to just the Tarrtown, Pennsylvania project as no 
settlement or pore pressure measurements were taken on the Riverside, California 
project. 
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5. Measured compression of the TDA layers at the Tarrtown project agreed with 
values expected from design chart created by Humphrey (2005).  Settlements also 
compare well with those from previous projects in Maine and New York.  Based 
on these measurements, the design chart created by Humphrey (2005) is a useful 
tool in calculating TDA layer settlements.   
6. Most compression of the TDA layers occurred immediately upon placement of 
overburden material and ranged from 3% to 18% with the higher values 
corresponding to higher overburden pressures.  Time dependent settlements 
during surcharge loading periods in 3-m (10-ft) thick TDA layers at the Tarrtown 
project were small and ranged from 2% to 3%.  Settlements during surcharge 
loading in the upper 0.3 to 0.8-m thick (1 to 2.5-ft) TDA layer in embankment 2 
were higher (2% to 10%).  The thinness of the layer made accurate measure of 
settlement difficult and may have contributed to the large range of percent 
compression.  These small time dependent settlements are consistent with prior 
observations that most TDA compression occurs immediately upon overburden 
placement. Small long term compression occurred at locations of low and high 
overburden pressure.   
7. The weight of the fill placed during embankment construction did not have a 
discernible effect on pore pressures in the foundation soil.  No large lateral 
deflections occurred in the foundation soils during construction.  A maximum of 5 
cm (2 in.) of outward movements occurred at several locations at the toe and a 
maximum of 7.6 cm (3 in.) occurred at one location on the side slope of both 
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embankments during the entire monitoring period.  Most of the outward 
movement occurred during fill placement. 
The following conclusions pertain to just the Riverside, California project as no strain, or 
tilt measurements were taken on the Tarrtown, Pennsylvania project. 
8. Based on strain gage results at the Riverside project site, forces and moments 
developed in a retaining wall are less, at similar wall heights, with TDA backfill 
than with soil backfill, agreeing with previous TDA resultant force and moment 
conclusions established by (Tweedie, et al. (1997) and Humphrey, et al. (2000)).  
These results were lower than resultant forces and moments calculated from 
pressure transducers on the wall face. No long term increases in strain were seen 
during the monitoring period. 
9. Tilt meters located on the Riverside wall faces showed enough outward wall 
movement (0.019H to 0.030H) to develop fully active conditions on the wall face 
based on previous conclusions by Tweedie, et al. (1997) that an active condition 
occurs with TDA backfill when wall movements exceed 0.01H.   
17.3 Recommendations for Future Research 
1. Monitoring of instrumentation at both project sites (Tarrtown, Pennsylvania, and 
Riverside, California) should continue. 
2. Full scale tests should be conducted in the UMaine retaining wall test facility using 
Type B TDA, as described in ASTM D-6270-2008.  These are much larger that used 
by Tweedie, et al. (1997) and are the size currently used for civil engineering  
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3. Pressure cells with a diameter larger than 229-mm (9-in.) should be used on future 
wall projects with TDA backfill because it is thought that this would more 
consistently measure the pressure for the larger size Type B TDA. 
4. The effect of compaction effort on the earth pressure coefficient of TDA should be 
investigated. 
5. The effect of sloping backfill above the top of the wall on earth pressures, especially 
for walls with TDA backfill should be investigated further. 
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APPENDIX A 
 
 
Serial 
Number 
Calibration 
Factor 
(kPa/LU) 
Calibration 
Factor 
(psi/LU) 
Factory 
Temperature 
Factor  
(psi/deg. F) 
Factory 
Calibration 
Factor 
(psi/LU) Cell Label 
78E3135 -0.149442 -0.021674 0.00384 -0.01963 P1 
78E3136 -0.166219 -0.024107 0.00716 -0.01957 P2 
78E3137 -0.198197 -0.028745 0.00404 -0.02205 P3 
78E3138 -0.282940 -0.041036 0.00232 -0.02045 P4 
78E3139 -0.161506 -0.023424 0.00222 -0.01802 P5 
78E3140 -0.159681 -0.023159 0.00527 -0.01752 P6 
78E3141 -0.098891 -0.014343 0.00368 -0.01717 P7 
78E3142 -0.182974 -0.026538 0.00243 -0.02197 P8 
78E3143 -0.144158 -0.020908 -0.01323 -0.0215 P9 
78E3144 -0.133040 -0.019295 0.00271 -0.01681 P10 
Figure A.1 Calibration factors and temperature correction factors for the pressure cells 
used in the Tarrtown Project. 
 
Factory 
Temperature 
Factor  
(psi/deg. F) 
Factory 
Calibration 
Factor 
(psi/LU) 
Piezometer 
Label 
-0.00525 -0.02009 W1 
-0.00669 -0.01998 W2 
-0.00093 -0.018356 W3 
-0.00559 -0.01843 W4 
-0.00528 -0.018477 W5 
-0.00388 -0-019204 W6 
-0.00598 -0.018693 W7 
-0.00507 -0.018655 W8 
-0.0296 -0.075433 W9 
-0.02808 -0.075897 W10 
-0.00681 -0.12526 W11 
-0.0043 -0.019261 W12 
-0.0046 -0.01807 W13 
--* -0.01921 W14 
--* -0.01812 W15 
* Correction Factor unavailable 
Figure A.2 Calibration factors and temperature correction factors for the piezometers 
used in the Tarrtown Project. 
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Factory 
Temperature 
Factor  
(psi/deg. F) 
Factory 
Calibration 
Factor (psi/LU) 
Piezometer 
Label 
-0.11247 -0.22023 P391 
-0.24074 0.228486 P392 
-0.22393 0.118571 P393 
-0.12965 0.175507 P394 
-0.16305 0.266407 P395 
-0.08985 0.164778 P396 
-0.19863 0.016268 P397 
-0.11095 0.199115 P398 
-0.10836 0.156629 P399 
-0.08848 0.064234 P3101 
-0.13586 0.14696 P3102 
-0.10411 0.747989 P3103 
Figure A.3 Calibration factors and temperature correction factors for the pressure cells 
used in the California Project. 
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